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INTRODUCTION 
Rationale and Significance 
Biotin functions as a cofactor to a set of enzymes that catalyze the transfer 
of the carboxyl group from a donor molecule to an acceptor molecule. The 
function of biotin is to act as an intermediate carrier of the carboxyl group that is 
being transferred. Biotin-containing enzymes are involved in many important 
metabolic processes, such as lipogenesis, gluconeogenesis, and amino acid 
metabolism. Mutations in biotin biosynthesis or utilization are lethal in bacteria 
(Eisenberg, 1987), yeasts (Mishina et al., 1980), animals and humans (Nyhan, 
1988; Wolf and Heard, 1989), and plants (Shellhammer and Meinke, 1990). The 
structure, metabolic function and regulation of these enzymes have been 
extensively studied from animals and bacteria (Moss and Lane, 1971; Wood and 
Barden, 1977; Samols et al., 1988; Knowels, 1989). However, knowledge of 
biotin-dependent enzymes in plants is rather limited, even though plants can 
synthesize biotin de novo and are a major source of biotin in the biosphere 
(Bonjour, 1991). Until recently, acetyl-CoA carboxylase was the only known 
biotin-dependent enzyme in plants. Wurtele and Nikolau made the first 
observation that, in addition to acetyl-CoA carboxylase, plants contain at least 
five other biotinylated polypeptides and that protein extracts of plants have the 
enzymatic activities of propionyl-CoA carboxylase, pyruvate carboxylase, and 3-
methylcrotonyl-CoA carboxylase (Wurtele and Nikolau, 1990; 1992). 
At the start of the research undertaken for this thesis, apart from acetyl-
CoA carboxylase, the metabolic functions and structures of five biotinylated 
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polypeptides had not been identified and characterized. The research 
undertaken for this dissertation was designed to characterize the identity of one 
of the biotinylated polypeptides of soybean. Molecular and biochemical 
techniques were utilized to determine the structure, enzymatic function, and 
metabolic function of this polypeptide. The following questions were pursued: (1) 
The primary structure of the polypetide, (2) The enzymatic function of the 
polypeptide, (3) The subunit structure of the enzyme, (4) The mechanism of 
catalysis of the enzyme, and (5) The regulation of the spatial and temporal 
accumulation of the enzyme. 
Previous studies have showed that biotin-containing enzymes from 
animals and bacteria contain a very conserved amino acid sequence A-M-K-M-E 
at the biotinylation site (Samols et al., 1988). In 1987, only four biotin-
containing enzymes were sequenced. On the basis of knowledge of the sequences 
of biotin-containing enzymes from bacteria and animals, a mixture of 
complementary nucleotide sequences corresponding to the mRNA sequence that 
would code for the above pentapeptide was synthesized in 1987. This sequence 
contained all the possible wobble sequences. This sequence, designated "biotin 
oligo" is shown in Figure 1, together with a tomato cDNA sequence coding for a 
putative biotin-containing protein (Hoffman et al., 1987). The plasmid which 
contains this tomato cDNA sequence is designated pTBP. These two sequences 
provided tools to clone genes coding for the biotin proteins in plants which had 
never been cloned previously. The strategy undertaken was to isolate a soybean 
gene on the basis that it hybridized to "biotin oligo" and pTBP probes, and 
identify and characterize the biotin-containing enzyme coded by the isolated 
gene. 
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Amino Acid Sequence: +H3N-Met-Lys-Met-Glu-Thr-C00-
Corresponding mRNA Sequence: 5 '-AUG AAG AUG GAG AC-3 ' 
A A 
"biotin oligo": 3 •-TAC TTC TAC CTC TG-5 ' 
T T 
Figure 1. Conserved amino acid sequence at the biotinylation site, and its 
corresponding mRNA sequence and complementary "biotin oligo", 
which was used as a probe for the isolation of genes of biotin-
containing enzymes. 
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These studies provided insights as to the biochemistry and molecular 
biology of biotin-containing enzymes and the related metabolic processes in 
plants, for which knowledge is very limited. 
Biotin 
Biotin, shown in Figure 2A, also known as vitamin H (Gyôrgy et al., 1940), 
"the protective factor against egg white injury" (Lease and Parsons, 1934), is a 
water soluble vitamin required in human and animal diets. Biotin was first 
discovered in 1901 as a growth factor for yeast. Biotin was then isolated from 
dried egg yolk in 1936 (Kogel and Tonnis, 1936). Later, in 1930s and 1940s 
biotin was shown to be required for many metabolic processes (Stokstad and 
Jukes, 1949). In 1959, Lynen et al. (1959) made the breakthrough observation 
that 3-methylcrotonyl-CoA carboxylase catalyzes the carboxylation of free biotin 
to form I'-N-carboxybiotin in the presence of ATP and CO2, which led to the 
extensive studies of the mechanism of biotin and biotin-containing enzymes. 
Since then, a lot of progress have been made towards understanding the 
structure, mechanism, metabolic function, and regulation of biotin-dependent 
enzymes (Moss and Lane, 1971; Wood and Barden, 1977; Samols et al., 1988; 
Knowels, 1989). 
Biotin is required by all living organisms. Biotin is synthesized by some 
plants, fungi, and the majority of microorganism. Biotin is a very stable 
molecule. There are eight stereo isomers of biotin. However, only one, (d)-biotin, 
is biologically active (Gaudy and Ploux, 1992). 
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O 
(CH2)4C00H 
o 
"O2C 
(CH2)4CONH(CH2)4Ly s — Enz. 
B 
Figure 2. Structure of the biotin (A), carboxyl-biotinyl prothetic group (B). 
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A unique feature of biotin is its high binding to avidin and streptavidin. 
Avidin is a basic glycoprotein from egg white (Green, 1975). Streptavidin is a 
protein from Streptomyces avidinii (Chaiet and Wolf, 1964). Avidin and 
streptavidin have very similar properties and both of them bind tightly to biotin 
through noncovalent bonds with dissociation constants of approximately 
10-15 JVI-i. The high affinity of avidin or streptavidin for biotin has been used in 
bioanalytic applications (Wilchek and Beyer, 1980). In this study avidin and 
streptavidin have been used for the purification of biotin-containing enzymes by 
affinity chromatography (Henrikson et al., 1979a; Bayer and Wilchek, 1980) and 
for detection of biotin-containing enzymes by western blotanalysis (Nikolau et 
al., 1985). 
Biotin-Containing Enzymes 
Biotin-dependent enzymes are a group of enzymes which catalyze the 
transfer of the carboxyl group from a donor molecule to an acceptor molecule, 
with biotin acting as a carboxyl group carrier. Biotin is covalently attached to 
the enzymes through an amide bond between the carboxyl group of the biotin 
and the epsilon amino group of a lysine residue of the enzyme as shown in 
Figure 2B. The overall reaction [3] catalyzed by the biotin-dependent enzymes is 
the result of two-half reactions, the carboxylation of biotin on the enzyme [1] and 
the transfer of the carboxyl group from carboxylated biotin to the acceptor 
molecule [2]. 
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Mg2+ 
D-CO2" + E-Biotin + ATP ===> E-Biotin-C02" + D + ADP + Pi 
A + E-Biotin-C02' ===> E-Biotin + A-CO2' 
[1] 
[2] 
Mg2+ 
Slim: D-CO2' + A + ATP ===> D + A-CO2" + ADP + Pi [3] 
Whether ATP is required in the first half reaction depends on the class of 
enzymes. 
Based on their substrate specificities, biotin-dependent enzymes can be 
divided into three classes. 
Class I. Biotin-dependent carboxylases 
Biotin-dependent carbojg^lases catalyze the carboxylation of an acceptor 
molecule with bicarbonate as the carboxyl group donor. ATP and Mg2+ are 
required for the enzymatic activity. Class I enzymes include acetyl-CoA 
carboxylase, propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, 
pyruvate carboxylase, geranyl-CoA carboxylase, and urea carboxylase. Figure 3 
shows a summary of class I enzymes. 
Acetyl-CoA carboxylase (ACCase, EC 6.4.1.2) catalyzes the carboxylation 
of acetyl-CoA to form malonyl-CoA, this reaction is the first and regulatory step 
for de novo fatty acid biosynthesis (Moss and Lane, 1971; Bloch, 1977; Wakil et 
al., 1988). The Escherichia coli ACCase is a complex of three dissociated 
proteins. The biotin carboxylase protein (BC), which is a dimer composed of two 
identical subunits of 51 kDa, catalyzes the first half reaction (Dimroth et al., 
1970; Guchhait et al., 1971; Guchhait et al., 1974a, b). The carboxyltransferase 
protein (CT), which is an (12^2 tetramer composed of two different polypeptides 
each with a molecular weight of 30,000 and 35,000, catalyzes the second half 
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Mg2H 
E-biotin + ATP + HCO3- ^ 
E-biotin-CO 2 4" R-H 
:• E-biotin-CO 2" + ADP + Pi 
E-biotin + E-CO 2' 
Mg2H 
R-H + ATP + HCO3- :• R-CO^- + ADP + Pi 
R-H 
Acetyl-CoA 
R-%-
Malonyl-CoA 
Enzyme 
Acetyl-CoA 
Carboxylase 
Propionyl-CoA Methylmalonyl-CoA Propionyl-CoA 
Carooxyiase 
3-Methylcrotonyl-
CoA 
Pyruvate 
Urea 
Geranyl-CoA 
3-Methylglutaconyl-
CoA 
Oxaloacetate 
N-carboxyurea 
Carboxygeranyl-CoA 
3-Methylcrotonyl-CoA 
Carboxylase 
Pyruvate Carboxylase 
Urea Carboxylase 
Geranyl-CoA 
Carboxylase 
Figure 3. Biotin-dependent carboxylases. 
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reaction (Dimroth et al., 1970; Guchhait et al., 1974a, b). The biotin carboxyl 
carrier protein (BCCP) is a dimer of two identical polypeptides of 22,500 kDa 
(Fall and Vagelos, 1972). Eukaryotic ACCases from animals, yeasts and plants 
appear to be single multifunctional polypeptides with molecular weights around 
220,000. The primary structures of ACCases have been determined from 
chicken (Takai et al., 1988), rat (Lopez-Casillas et al., 1988), yeast (Al-Feel et al., 
1992), and Escherichia coli (Kondo et al., 1991; Li et al., 1992). 
Propionyl-CoA carboxylase (PCCase, EC 6.4.1.3) converts propionyl-CoA 
to methylmalony-CoA. This reaction functions in the catabolism of branched 
chain amino acids such as valine, isoleucine; the branched chain fatty acids; and 
odd-numbered fatty acids (Moss and Lane, 1971). PCCases from different 
sources contain two kinds of subunits, the biotin-containing subunit and the 
biotin free subunit. PCCases have an quaternary structure. The primary 
structures of PCCase have been determined from human (Lamhonwah et al., 
1989) and rat (Browner et al., 1989, Krau et al., 1986). PCCase is located in the 
matrix of mitochondria (Browner et al., 1989; Lamhonwah et al., 1989) 
Pyruvate carboxylase (PYCase, EC 6.4.1.1) carboxylates pyruvate to form 
oxaloacetate. This reaction is involved in gluconeogenesis, and replenishing 
oxaloacetate levels in the citric acid cycle (Moss and Lane, 1971). PYCases from 
different sources are homo tetrameric enzymes. The primary structures of 
PYCase have been determined from sheep (Rylatt et al., 1977), yeast (Lim et al., 
1988), and mouse (Zhang et al., 1992). 
3-Methylcrotonyl-CoA carboxylase (MCCase, EC 6.4.1.4) catalyzes the 
carboxylation of 3-methylcrotonyl-CoA (Mc-CoA) to form 3-methylglutaconyl-CoA 
(Mgc-CoA). Animal MCCase has an quaternary structure (Lau et al, 1980), 
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whereas bacteria MCCase has an «4^4 quaternary structure (Fall and Hector, 
1977; Schiele et al,, 1975). In animals and bacteria, the enzyme is involved in 
leucine catabolism (Rodwell, 1969; Moss and Lane, 1971). In animals, MCCase 
is located in mitochondria (Lau et al., 1979) and is also involved in the 
mevalonate shunt (Edmond and Popjak, 1974; Edmond and Fogelman, 1976). 
Bacterial MCCase is inducible when bacteria are grown with leucine or 
isovaleric acid as the sole carbon source (Lau et al., 1980b). 
Geranyl-CoA carboxylase (6.4.1.5) has been studied only from 
Pseudomonas citronellolis. This enzyme is involved in the degradation of certain 
isoprenoids (Moss and Lane, 1971). It is induced when the bacterium is grown 
on citronellol (Seubert et al., 1963), or citronellic or geranoic acid (Hector and 
Fall, 1976b) as the sole carbon source. The properties of geranyl-CoA 
carboxylase from P. citronellolis are very similar to 3-methycrotonyl-CoA 
carboxylase from P. citronellolis. They have the same structure, (X4P4, and 
exhibit very similar molecular weights for both subunits and native enzymes. 
They are induced, however, under different conditions (Fall and Hector, 1977). 
Urea carboxylase (EC 6.3.4.6), also known as urea amidolyase, has been 
studied from yeast and some green alga. It is induced when urea is utilized as 
sole nitrogen source and when urease activity is lost (Moss and Lane, 1971). 
There are two enzymatic activities on this enzyme, urea carboxylase, which 
carboxylates the urea to form N-carboxyl urea, and allophanate hydrolase, which 
hydrolyzes N-carboxyl urea to H2O, NH4+, and CO2 (Whitney and Cooper, 1972a, 
b). The yeast urea carboxylase is composed of identical, multifunctional subunits 
(Sumrada and Cooper, 1982). The primary structure of urea carboxylase has 
been determined from yeast (Genbauffe and Cooper, 1991). 
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Class IL Biotin-dependent decarboxylases 
Class II enzymes catalyze the decarboxylation of certain acids as shown in 
Figure 4A. These enzymes have no requirement for ATP. The energy released 
by the decarboxylation is coupled with sodium transport in anaerobic 
prokaryotes (Moss and Lane, 1971; Dimroth, 1985). These enzymes include 
oxaloacetate decarboxylase (EC 4.1.1.3), methylmalonyl decarboxylase (EC 
4.1.1.41), and glutaconyl-CoA decarboxylase. 
Decarboxylases seem to contain multiple subunits (Dimroth, 1985). 
Oxaloacetate decarboxylase from Klebsiella aerogenes is composed of three kinds 
of subunits a, P, and y (Dimroth and Thomer, 1983). The a subunit is the biotin-
containing subunit. The primary structure of the biotin subunit has been 
determined (Schwarz, 1988). Methylmalonyl-CoA decarboxylase contains four 
kinds of subunits a, P, y, and ô (Hilpert and Dimroth, 1983). The y subunit is the 
biotin-containing subunit. 
Class III. Biotin-dependent transcarboxylase 
The only known biotin-dependent transcarboxylase (EC 2.1.3.1) is from 
Propionibacterium shermanii, which catalyzes the reaction shown in Figure 4B. 
This enzyme plays an important role in the fermentation of certain 
carbohydrates to propionate in the Propionibacteria (Wood and Barden, 1977). 
Transcarboxylase consists of three types of subunits: the 12 S subunit which is a 
hexamer composed of six identical polypeptides; 5 S subunit which is a dimer 
composed of two identical subunits; and 1.3 S biotinyl subunit. The 5 S subunit 
forms a stable complex with two 1.3 S subunits, designated the 6 S complex. Six 
6 S complexes combine with the 12 S subunit to form the active transcarboxylase 
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A. 
E-biotin + R-CO2 -4-
E-biotin-C02"+ H+ + 2Na+in^ 
E-biotin-CO 2 + R-H 
E-biotin + CO 2 + 2Na+out 
R- CO2' + H+ + 2Na+in -R-H+ C02 + 2Na+out 
R-COg 
Oxaloacetate 
Methylmalony-CoA 
Glutaconyl-CoA 
R-H 
Pyruvate 
Propionyl-CoA 
Crotonyl-CoA 
Enzyme 
Oxaloacetate 
Decarboxylase 
Methylmalonyl-CoA 
Decarboxylase 
Glutaconyl-CoA 
Decarboxylase 
B. 
1.3 S + (S)-Methylmalonyl-CoA ^ 
1.3 S-COg + Pyruvate 
12 8 
58 
1.3 S-CO9 + Propionyl-CoA 
1.3 S + Oxaloacetate 
(8)-Methylmalonyl-CoA + Pyruvate, Oxaloacetate + Propionyl-CoA 
Figure 4. Biotin-dependent decarboxylases (A), and biotin-dependent 
transcarboxylase (B). 
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(Wood and Zwolinski, 1976; Wood and Kumar, 1985), The primary structure of 
1.3 S biotinyl subunit has been determined (Murtif et al., 1985). 
The reaction mechanism of biotin-dependent enzymes 
The mechanism of catalysis of biotin-containing enzymes has been studied 
extensively utilizing ACCase, PCCase, PYCase, and transcarboxylase. Biotin-
containing enzymes follow an ordered (Scheme lA) (Hashimoto and Numa, 1971; 
Wallace et al., 1985) or a random (Scheme IB) (Finlayson and Dennis, 1983; 
Scrutton et al., 1965; Barden et al., 1972) Bi Bi Uni Uni Ping Pong mechanisms 
(Knowels, 1989). In addition, the two active sites are structurally separated 
from each other (Finlayson and Dennis, 1983; Barden et al., 1972; Northrop, 
1969). Such a Bi Bi Uni Uni Ping Pong mechanism can be separated into two 
half reactions. In the first half reaction ATP and bicarbonate bind to the enzyme 
to first form the intermediate carboxyphosphate (Climent and Rubio, 1986) 
which then reacts with biotin on the enzyme to form carboxylated biotin. The 
second half reaction is the transfer the carboxyl group from carboxylated biotin 
to the substrate. Three functions and two active sites are required for the 
catalytic mechanism: one active site for each of the half reactions, the biotin 
carboxylase and the carboxytransferase, and the biotin carboxyl carrier domain 
which links the two active sites (Knowles, 1989). The structural organization 
and enzymatic functions of E. coli ACCase (Guchhait, 1974a, b; Polakis, 1974), 
Propionibacterium shermanii transcarboxylase (Wood and Zwolinski, 1976; 
Wood and Kumar, 1985), and MCCase from Achromobacter (Schiele, 1975) 
provide direct evidence to support this mechanism. 
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(1) 
MgATP HCO3* 
J L 
MgADP+ Pi Mc-CoA Mgc-CoA 
tt i t 
E EA (EAB - EPQ) E' ER E 
(2) 
HCO3' MgATP 
i  1  
Pi+ MgADP Mc-CoA Mgc-CoA 
_iî i L 
E EA (EAB - EPQ) E" ER E 
Scheme lA. Ordered Bi Bi Uni Uni Ping Pong mechanisms with either 
ATP (1) or bicarbonate as the first substrate (2). 
MgATP HCO3" 
1 i 
MgADP Pi 
• 
EA 
Mc-CoA Mgc-CoA 
BP \ 1 t 
E \ EB X(EAB - EPqK EQ / E' ER E 
Î Î 
HCOs" MgATP Pi MgADP 
Scheme IB. Random Bi Bi Uni Uni Ping Pong mechanism. 
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The structure of biotin-dependent enzymes 
Three functions are required for the reaction catalyzed by biotin-
dependent enzymes. The first is the biotin carboxylase function which catalyzes 
the first half reaction. The second is the carboxyltransferase function which 
catalyzes the second half reaction. The third is the biotin carboxyl carrier 
function which physically bridges the first two functions. The subunit 
organization of biotin-containing enzymes and amino acid sequence homologies 
among the biotin-dependent enzymes suggest that there is an evolutionary 
relationship between the structure of various biotin-containing enzymes. Biotin-
containing enzymes can be divided into three groups according to their subunit 
organization: 
1. Type I. The three functions are located on separate subunits. 
Examples of enzymes with three kinds of subunits include ACCase firom E. coli 
(Dimroth et al., 1970; Guchhait et al., 1971; Fall and Vagelos, 1972; Guchhait et 
al., 1974a), oxaloacetate decarboxylase (Dimroth, 1983), and transcarboxylase 
from Propionibacterium shermanii (Wood and Zwolinski, 1976; Wood and 
Kumar, 1985). Of the three subunits, one is the biotin-containing subunit, and 
the other two are biotin-free, and catalyze the two partial reactions, respectively. 
Methylmalonyl-CoA decarboxylase is composed of four subunits, one of which is 
the biotin-containing subunit (Hilpert and Dimroth, 1983). 
2. Type II. The three functions are located at a single polypeptide. 
Examples of this type of enzymes are ACCase from chicken (Takai et al., 1988), 
rat (Lopez-Casillas et al., 1988), plant (Egli et al., 1993) and yeast (Al-Feel et al.. 
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1992), PYCase from yeast (Lim et al., 1988), mouse (Zhang et al., 1992) and urea 
carboxylase from yeast (Genbauffe and Cooper, 1991). 
3. l^pe III. The three functions are located at two distinct polypeptides. 
This type of enzymes include PCCase from human (Gravel et al., 1980), rat 
(Hasse et al., 1982), Mycobacterium smegmatis (Henrikson and Allen, 1979) and 
Rhodospirillum rubrum (Olsen and Merrick, 1968), MCCase from animals (Lau 
et al., 1980a) and bacteria (Schiele et al., 1975; Fall and Hector, 1977), geranyl-
CoA carboxylase from Pseudomonas citronellolis (Hector and Fall, 1976a; Fall 
and Hector, 1977), and ACCase from the nematode Turbatrix aceti (Meyer, 
1978) and bacterium Streptomyces erythreus (Lynen, 1959). 
One common feature of biotin-containing enzymes is the striking 
conservation of the amino acid sequence at the site of biotinylation, A(V)-M-K-
M(A). Biotin is attached to the lysine residue. In ACCase from E.coli 
(Muramatsu, 1989), chicken (Takai et al., 1988), rat (Lopez-Casillas et al., 1988), 
and yeast (Al-Feel et al., 1992), the conserved sequence is V-M-K-M. In urea 
carboxylase, the conserved sequence is A-M-K-A (Genbauffe and Cooper, 1991). 
In all other cases, the conserved sequence is A-M-K-M (Samols, 1988). The first 
methionine appears to be required for the enzymatic activity (Shenoy et al., 
1992). 
In addition, comparison of amino acid sequences of biotin-containing 
enzymes also show high homologies at the biotin carboxylase domain as shown 
in Figure 5 (Samols et al., 1988; Lim et al., 1988; Kondo et al., 1991; Li and 
Cronan, 1992; Zhang et al, 1993). The biotin carboxylase of coli ACCase, as 
well as chicken and rat ACCase, PCCase and PYCase also exhibit a high degree 
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Figure 5. Amino acid sequence comparison of the biotin enzymes. Hu-PCC: 
human propionyl-CoA carboxylase. R-PCC: rat propionyl-CoA 
carboxylase. E-BC: biotin carboxylase of E. coli acetyl-CoA 
carboxylase. E-BCCP: biotin carboxyl carrier protein oîE. coli 
acetyl-CoA carboxylase. Y-PYC: yeast pyruvate carboxylase. 
Ch-ACC: chicken acetyl-CoA carboxylase, R-ACC: rat acetyl-CoA 
carboxylase. 
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of similarity with carbamoyl-phosphate synthetase (Kondo et al., 1991; Li and 
Cronan, 1992). 
Plant Biotin-Containing Enzymes 
Compared with the knowledge of biotin-containing enzymes from animals 
and microbes, little is known about the structure, metabolic functions, and 
regulation of biotin-containing enzymes of plants. Until recently, ACCase was 
the only known biotin-containing enzymes in the plant kingdom. Like animal 
and yeast ACCase, ACCases from different species of plants appear to be 
composed of a 220 kDa subunit and have the same a2 quaternary structure (Egli 
et al., 1993). Unlike animal ACCase which is located in the cytosol, plant 
ACCase is located in the chloroplast (Nikolau et al., 1984). 
Wurtele and Nikolau (1990; 1992) found that plant protein extracts 
contain six biotinylated polypeptides with molecular weights of approximately 
220,000, 140,000, 73,000, 50,000, 39,000, and 34,000. The identity of 220 kDa 
biotinylated polypeptide was known to be the ACCase and has been studied from 
parsley and wheat germ (Egin-Buhler et al., 1980; Egin-Bûhler and Ebel, 1983), 
maize (Egli et al., 1993), and soybean seeds (Charles et al., 1986). In addition to 
the known ACCase, protein extracts from plants contain enzymatic activities of 
PCCase, PYCase and MCCase. In 1992, Baldet et al. isolated MCCase from 
mitochondria of green pea and identified the 76 kDa biotinylated polypeptide 
from green pea is the biotin-containing subunit of MCCase (Baldet et al., 1992). 
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To date, there have been no reports on the primary structure of any plant 
biotin-containing enzymes. The structures, metabolic functions, and regulation 
of the other biotin-containing polypeptides remain to be investigated. 
3-Methylcrotonyl-CoA Carboxylase 
MCCase (EC 6.4.1.4) catalyzes the biotin-dependent carboxylation of Mc-
CoA to form Mgc-CoA. As with all other biotin carboxylases it also needs ATP 
and Mg2+ for activity. MCCase has been purified and characterized from 
Achromobacter (Schiele et al., 1975), P. citronellolis (Hector and Fall., 1976a; 
Fall and Hector, 1977; Fall, 1981), and bovine kidney (Lau et al., 1979 and 
1980a). MCCases from different sources appear to have similar structures. 
They all contain two kinds of subunits, a biotin-containing subunit and a biotin-
free subunit. The bacterial MCCase appears to have an «4^4 quaternary 
structure, with the biotin-containing subunits of 96 kDa in Achromobacter and 
73.5 kDa in P. citronellolis, and with the biotin-free subunits of 78 kDa in 
Achromobacter and 63 kDa in P. citronellolis. In P. citronellolis, MCCase is an 
inducible enzyme, being induced by the growth of bacteria on leucine or 
isovaleric acid as a sole carbon source. The animal MCCase seems to have an 
ttôPô quaternary structure, with the biotin-containing subunit of 73 kDa and the 
biotin-free subunits of 61 kDa. In animals, MCCase is found in the mitochondria 
(Lau et al., 1979). 
In animals and bacteria, MCCase is involved in leucine and isovalerate 
catabolism (Moss and Lane, 1971; Wood and Barden, 1977). In addition. 
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MCCase has been proposed to be involved in the mevalonate shunt (Edmond and 
Popjak, 1974; Edmond, 1976). 
The structure, catalytic mechanism, metabolic function, and regulation of 
MCCase of plants are not clear. To date, the pathway of leucine catabolism in 
plants is not well established. Indirect evidence suggests there might be a 
similar pathway of leucine degradation in plants as in animals and bacteria 
(Stewart and Beevers, 1967; Larson and Beevers, 1965). Previous studies also 
suggest that a possible mevalonate shunt pathway operates in plants (Nes and 
Bach, 1985; Bach, 1987; Bach et al., 1989; Towers and Stafford, 1989). However, 
the poor characterization of the enzymes involved in these pathways, including 
MCCase, makes the existence of these pathways still speculative. In addition, 
recent studies suggest that leucine may also be metabolized to acetyl-CoA in 
peroxisomes through a pathway without MCCase (Gerbling and Gerhardt, 1989). 
It is very possible that plants can metabolize leucine through two pathways, one 
with MCCase in mitochondria and one without MCCase in peroxisomes. 
In plants, MCCase was identified recently by Wurtele and Nikolau (1990; 
1992). Baldet et al. (1992) demonstrated that the biotin subunit of MCCase is 78 
kDa, and MCCase is located in the matrix of mitochondria. 
Even though MCCase was the first biotin-containing enzymes to be 
studied and these studies elucidated the biochemical function of biotin (Lynen, 
1959), the primary structure of the enzyme has never been determined from any 
source. The mechanism of MCCase has never been studied in detail from any 
sources. It is therefore necessary to determine the primary structure of MCCase 
in order to understand the metabolic function and regulation of this enzyme and 
its role in metabolic processes. This research determined the primary structure 
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of plant MCCase, elucidated the subunit structure and kinetic mechanism of 
MCCase, and studied the accumulation of MCCase in organs during seed 
germination. These studies provide new insights into biotin-containing enzymes 
of plants. 
Explanation of the Dissertation Format 
This dissertation is composed of a general introduction, four papers, a 
general summary, a reference list for the introduction, acknowledgments, and 
appendix. 
The research determined the primary structure of MCCase from soybean, 
as well as the subunit composition, and catalytic mechanism. This is not only 
the first time an MCCase has been cloned from any source, but also the first 
plant biotin-containing enzyme ever sequenced. This research also reports the 
discovery and characterization of the putative isozymes of MCCase in plants. In 
addition, the studies on organ- and development-specific differences of the 
accumulation of MCCase during the seed germination are presented. Due to the 
broad aspects of the research, I have chosen to present my results as a series of 
papers. For all this research, the soybean plants were planted and maintained 
in the greenhouse by myself. 
Paper 1 presents the characterization of the 85 kDa biotinylated 
polypeptide from soybean as the biotin-containing subunit of MCCase. In 
addition, the nucleotide and deduced amino acid sequence coding for the biotin-
containing subunit is reported. The work includes the cloning of two genes and a 
2.1 kb cDNA, which code for the biotin-containing subunit of MCCase. This 2.1 
22 
kb cDNA was expressed as a chimeric gene in E. coli. Antibodies against the 
biotin-containing subunit were generated utilizing the purified expressed 
protein. The complete mRNA and N-terminal amino acids were sequenced. 
Utilizing the antibodies, the 85 kDa biotinylated subunit was identified as the 
biotin-containing subunit of MCCase. 
The mechanism of 3-methycrotonyl-CoA carboxylase is studied in Paper 2 
with purified MCCase. In addition to myself, Tomas Diez and Tun-Nan Wen 
were also involved in the experiment and discussions of the kinetics studies. 
Yang Chen was involved in the preparation of the affinity matrix required for 
the purification of MCCase. My contribution in this paper includes the 
purification of MCCase from soybean seedlings, deduction of the kinetic 
equations, and involvement in the kinetic experiments. 
Paper 3 presents the discovery and characterization of isozymes of 3-
methylcrotony-CoA carboxylase. The work in this paper includes the separation 
of the two isozymes, their kinetic characterization including activation by 
potassium, pH optima, and determination of KmS of substrates. In addition, 
some structural characterizations of the two isozymes are reported. 
In Paper 4, the organ- and development-specific difference of the 
accumulation of MCCase is explored. The work in this paper includes studies of 
mRNA, activity and protein levels of MCCase in various organs during the 
process of seedling development. In addition, the mRNA, activity, and protein 
levels of MCCase in developing cotyledon are studied. 
The appendix contain other data which are not included in the above 
papers. 
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My dissertation research was conducted with the guidance, supervision, 
and support of Dr. Basil J. Nikolau, who also aided in the interpretation of the 
data. 
This research was funded by a grants from the National Science 
Foundation and from Iowa State University Biotechnology Office to Dr. Basil J 
Nikolau and Dr. Eve S. Wurtele. 
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PAPER 1. MOLECULAR CLONING AND CHARACTERIZATION 
OF THE cDNA CODING FOR THE BIOTIN-
CONTAINING SUBUNIT OF 3-METHYLCROTONYL-
CoA CARBOXYLASE: IDENTIFICATION OF THE 
BIOTIN CARBOXYLASE AND BIOTIN-CARREER 
DOMAINS 
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MOLECULAR CLONING AND CHARACTERIZATION OF THE cDNA 
CODING FOR THE BIOTIN-CONTAINING SUBUNIT OF 3-
METHYLCROTONYL-CoA CARBOXYLASE: 
Identification of the Biotin Carboxylase and Biotin-Carrier Domains. 
Jianping Song*, Eve Syrkin Wurtelet, Basil J. Nikolau*, 
^Department of Biochemistry and Biophysics, and ^Department of Botany, 
Iowa State University, Ames, lA 50011. 
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ABSTRACT 
Soybean genomic clones were isolated based on hybridization to probes that 
code for the conserved biotinylation domain of biotin-containing enzymes. The 
corresponding cDNA was isolated and expressed in Escherichia coli through fusion 
to the bacterial trpE gene. The resulting chimeric protein was biotinylated in E. 
coli. Antibodies raised against the chimeric trpE protein reacted specifically with 
an 85 kDa biotin-containing polypeptide from soybean, and inhibited 3-
methylcrotonyl-CoA carboxylase activity in cell-free extracts of soybean leaves. 
Thus, the isolated soybean gene and corresponding cDNA code for the 85 kDa, 
biotin-containing subunit of 3-methylcrotonyl-CoA carboxylase. The mRNA 
coding for this polypeptide is 2.4 kb in length and seems to accumulate fairly 
ubiquitously in soybean organs. The nucleotide sequence of the cDNA and 
portions of the genomic clones was determined. Comparison of the deduced amino 
acid sequence of the biotin-containing subunit of 3-methylcrotonyl-CoA 
carboxylase with sequences of other biotin enzymes, suggest that this subunit 
contains the functional domains for the first half-reaction catalyzed by all biotin-
dependent carboxylases; namely, the carboxylation of biotin. These domains are 
arranged serially on the polypeptide, with the biotin carbojQ^lase domain at the 
amino-terminus, and the biotin-carboxy carrier domain at the carboxy-terminus of 
the polypeptide. 
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INTRODUCTION 
Biotin enzymes catalyze reactions in many diverse metabolic processes. 
The imifying feature of these reactions is the transfer of a carboxyl group from a 
donor substrate to an acceptor substrate, with the biotin prosthetic group acting 
as an intermediate carrier of that carboxyl group (1-4). 
DONOR-CO2" + ATP + ENZ-BIOTIN > ENZ-BIOTIN-CO2" + DONOR + ADP + Pi 
ENZ-BIOTIN-CO2' + ACCEPTOR > ENZ-BIOTIN + ACCEPTOR.CO2' 
Mg^ 
DONOR-CO2' + ATP + ACCEPTOR > ACCEPTOR.CO2' + DONOR + ADP + Pi 
The functions, structures, and chemical mechanism of catalysis of these 
enzymes have been extensively investigated with biotin enzymes isolated from 
bacteria, yeasts and animals (1-4). By contrast, the understanding of biotin 
enzymes in the plant kingdom is meager. 
Six biotin-containing polypeptides can be detected in plant extracts by 
Western analysis with streptavidin (5), but the enzymatic functions of most of 
these polypeptides are unclear. Furthermore, four biotin-requiring enzymatic 
activities are known in plant extracts, these being acetyl-CoA carboxylase, 
propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase (MCCase), and 
pyruvate carboxylase (5, 6). 
The aim of the research described herein was to identify the enzymatic 
function of one of the biotin-containing enzymes of plants. The approach 
undertaken was to clone a gene coding for one of these proteins by using a 
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strategy that selected clones coding for biotin enzymes independent of enzymatic 
function. The cloned gene was then used to isolate a cDNA clone. The isolated 
cDNA was expressed in Escherichia coli, and antisera was generated to the 
protein product. This antiserum was then utiUzed to identify the biotin-containing 
protein and its enzymatic function as MCCase, an enzyme catalyzing a reaction 
required for leucine catabolism and in the fimctioning of the mevalonate shunt. In 
addition, the primary structure of this biotin-enzyme was deduced from the 
nucleotide sequences of the cDNA and gene. This is the first reported sequence of 
a biotin enzyme from higher plants, and represents the first MCCase sequence to 
be determined. 
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MATERIALS AND METHODS 
Materials. Soybeans {Glycine max cv. Corsoy 79) were germinated in 
sterile soil, and plants were grown in a greenhouse at 25^C, with a 15-h- day 
period, supplemented with artificial lighting. A soybean genomic DNA library in 
the vector Charon 34 was provided by Dr. J.L. Slightom (The Upjohn Co., 
Kalamazoo, MI). A cDNA library in the vector lambda gtll, prepared from poly 
A RNA isolated from 6-day-old soybean seedlings, was a gift from Mr. E. Calvo 
(Iowa State University, Ames, lA). 
Isolation and Characterization of Macromolecules. Nucleic acids were 
isolated, analyzed, and manipulated with modifying enzymes by standard 
techniques (7). DNA sequencing was done on single-stranded DNA templates by 
the dideoxy-nucleotide termination method (8). Both strands of all DNA 
fragments were each sequenced at least three times. 
MCCase was purified from soybean seedlings by monomeric-avidin affinity 
chromatography based on the procedure of Chen et al. (9) (manuscript in 
preparation). After SDS-PAGE fractionation of the purified MCCase and 
electrophoretic transfer of the biotin subunit to PVDF membrane, the NH2-
terminal amino acid sequence of the polypeptide was determined at the University 
of Iowa, Protein Structure Facility, using an Applied Biosystems Model 470A gas 
phase sequencer. 
Protein extracts were prepared from soybean tissue and passed through 
Sephadex G25 to remove low molecular weight compounds as previously described 
(10). Activities of biotin enzymes were determined as the substrate-dependent 
conversion of radioactivity from NaH^^COs into an acid-stable product (5, 11). 
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Antibodies were generated by immunizing rabbits with proteins purified by 
preparative SDS-PAGE. Following SDS-PAGE, the gels were stained with 
Coomassie Brilliant Blue; the polypeptide band was excised from the slab, minced, 
and pulverized with a mortar and pestle and then emulsified with Freund's 
Complete Adjuvant. Emulsion containing approximately 300 |a,g of protein was 
injected intradermally at multiple sites on the back of New Zealand White female 
rabbits. A month after the initial immunization and at 2-week intervals 
thereafter, these rabbits were challenged with muscular injections of 150-200 p,g 
of protein emulsified in Freund's Incomplete Adjuvant. One week after each 
injection, 2-3 ml of blood was withdrawn firom the ear of each rabbit. The blood 
was allowed to coagulate, and the serum was collected. 
Immunological detection of proteins and detection of protein-bound biotin 
was undertaken by Western analysis of protein extracts, by using l^Sj-Protein A 
(12,13) or I25i_streptavidin (14), respectively. 
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RESULTS AND DISCUSSION 
Cloning Strategy. Biotin is covalently bound to proteins by an amide bond 
between the epsilon-acaiino group of a lysine residue and the carboxyl group of 
biotin (1-4). The amino acid sequence immediately surrounding the particular 
lysine residue that is biotinylated is highly conserved in all biotin enzymes 
examined (for recent review see reference 3). In acetyl-CoA carboxylases from rat 
(15), chicken (16) and yeast (17) the conserved sequence is val-met-lys-met, and 
in urea carboxylase (18), it is ala-met-lys-ala. In all other biotin enzymes 
examined to date, this conserved sequence is ala-met-lys-met (3). Some years ago 
(1986), when fewer sequences of biotin enzymes were known, we synthesized a 
mixture of oligonucleotides that are complementary to the mRNA sequence that 
would code for the then appearent conserved peptide sequence that defined a 
biotinylation site. This mixture of oligonucleotides ("biotin oligos") had the 
sequence: 
3' -TACTT(C/G)TACCT(C/G)TG- 5' 
In addition, Hoffman et al. (19) reported the isolation of a 0.38-kb cDNA 
clone from tomato leaves that was putatively identified as coding for a biotin-
containing protein (we called the plasmid containing this cDNA, pTBP). Both the 
"biotin oligos" and the cDNA insert from pTBP could detect DNA fragments upon 
Southern hybridization of genomic DNA isolated from soybean (data not shown). 
Thus, these two probes could be used to isolate genes that may code for biotin 
enzymes. 
Cloning of Genes and cDNAs Coding for a Biotin Enzyme. To isolate 
the genes that code for biotin enzymes, approximately 3 X 10^ recombinant 
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bacteriophage from a genomic DNA library of soybean were hybridized with 32p_ 
labeled cDNA from pTBP. Bacteriophage that hybridized to the cDNA from pTBP 
were also subjected to a second hybridization analysis with 32p-labeled "biotin 
oligos". This resulted in the isolation of two independently identiûed bacteriophage 
(À-C051A and X-C121) that contained soybean genomic DNA that hybridized to 
both probes. Analysis of these two recombinant bacteriophage by restriction 
mapping and Southern hybridization identified a 2.6-kb HinA III genomic 
fragment, common to both genomic clones, that hybridized to both the cDNA 
insert from pTBP and to the "biotin oligos". This Hinà III fragment was cloned 
into a phagemid vector and sequenced. 
The sequence of the 2.6-kb Hinà III genomic fragment was compared with 
the sequence of the cDNA in pTBP and with the sequence of the "biotin oligos". 
Approximately 270 bp from one end of the Hinà. Ill genomic fragment, the 
sequence 5'-TACTTCTACCTC-3' was found, which is identical to the first 12 
bases (of 14) of one of the sequences in the "biotin oligos". This sequence occurs 
towards the 3' end of a 100-bp sequence that is 76% identical to the cDNA 
sequence of pTBP. Translation of this region of the 2.6-kb Hinà III genomic 
fragment identified an open-reading frame that is homologous to the putative 
amino acid sequence coded by pTBP (71% identity and nearly 80% similarity over 
a deduced peptide sequence of 42 residues) and to the conserved biotin carrier 
domains of biotin enzymes from animal and microbial sources (Fig. 1). The 
similarity between the soybean genomic sequence and the sequences of known 
biotin enzymes led us to believe that we had cloned a soybean gene coding for a 
biotin enzyme. 
Figure 1. Identification of a translational open-reading firame in the 2.6-kb Hinà III soybean genomic fragment 
that may code for a biotin-containing protein. The nucleotide sequence of a portion of the 2.6-kb Hinà 
III soybean genomic fragment, cloned in A,C051A, is shown in the top line (soyDNA), under which is 
the amino acid sequence of one of the potential translational reading frames (soyPEP). The deduced 
amino acid sequence is compared with portions of the putative tomato biotin protein (TBP, residues 5-
37) (19); transcarboxylase oî Propionihacterium shermanii (TC, residues 59-91) (3); pyruvate 
carboxylase of yeast (yPC, residues 1105-1137) (32); pyruvate carboxylase of mice (mPC, residues 
1114-1146) (49); oxaloacetate decarboxylase oî Klebsiella (OADC, residues 531-563) (50); propionyl-
CoA carboxylase of humans (hPCC, residues 638-670) (33); propionyl-CoA carboxylase of rats (rPCC, 
residues 657-689) (51); acetyl-CoA carboxylase of yeast (yACC, residues 705-737) (17); acetyl-CoA 
carbojQ^lase of rats (rACC, residues 755-787) (16); acetyl-CoA carboxylase of chicken (cACC, 
residues 756-888) (15); urea carboxylase of yeast (yUC, residues 1768-1800) (18); and biotin 
carboxyl-carrier protein of E. coli (BCCP, residues 92-124) (27). Residues identical to the putative 
soybean protein sequence are indicated as dashes. 
soyDNA gca ccc atg gca ggc ttg gta gtt aag gtt eta gtg gag aac aag aca aga gtg gag gaa gga caa cct gtg tta gta tta gaa gca atg aag atg gag 
soyPEP APMAGLVVKVLVENKTRVEEGQPVLVLEAMKME 
TBP ---V~~E~~~~~KDGEK~Q~~~~~~~~------
T C  ~ ~ L ~ ~ T ~ S ~ I ~ ~ K E G D T - K A ~ ~ T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
y  P C  ~ ~ ~ ~ ~ V I ~ E ~ K ~ H K G G S I K K ~ ~ ~ ~ A - - S ~ ~ ~ ~ ~  
mPC ~~~P~K-IDIK-VAGAK-AK---LC~-S-----
OADC --L--TIW ASEGQT-AA-EVL-I 
hPCC S--P-V--A-S-KPGDA-A EIC-I Q 
rPCC S-KP-V--A-S-KPGDM-A EIC-I Q ^ 
yACC T-SP-KL--F----GEHIIK~--YAEI-V---Q 
rACC S-S--KLIQYI--DGGH-FA--CYAEI-V V 
cACC S-S--KLIQYV--DGGH-FA--CFAEI-V V 
yUC SEYS-RFW-SIASVGDVI-A--GLLII A -
BCCP YRTPSPDA-AFI-VGQK-NV-DTLCIV M 
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To further characterize the isolated soybean gene and directly determine its 
identity, a Àgtll cDNA library made from mRNA isolated from soybean seedlings 
was screened with the 2.6-kb Hindi III genomic fragment. From approximately 
10® recombinant bacteriophage subjected to hybridization, eight recombinant 
bacteriophage that hybridized to the probe were isolated. Analysis of these 
individual recombinant bacteriophage identified four classes of clones, based upon 
the size of the cDNA they carried. The largest cDNA (2.1 kb) was cloned, in both 
orientations, into a phagemid vector. The two resulting plasmids (called pSBC(+) 
and pSBC(-)) and derivatives obtained by exonuclease Ill-mediated deletion were 
used as the source of single-stranded DNA templates for sequencing both strands 
of the cDNA clone (Fig. 2). 
Identification of the Protein Coded by the cDNA Cloned in pSBC. 
Examination of the potential amino acid sequences coded by the cDNA in pSBC 
identified a translational open-reading fi'ame of 674 residues. This deduced amino 
acid sequence was the longest polypeptide that could be coded by the cDNA clone 
and was in fi'ame with the putative biotin-containing peptide identified firom the 
soybean genomic clone. 
To directly demonstrate that the cDNA insert of pSBC codes for a biotin 
enzyme, we expressed it in E. coli so as to produce antigen for the purpose of 
generating antisera to the protein product. The cDNA clone (s6c) was fused, in-
frame, to the 3'-end of the trpE gene on the expression vectors pATH2 (20) to give 
rise to pATM2, containing a chimeric trpE-sbc gene (Fig. 3A). The resulting 
plasmid, pATM2, was transformed into the E. coli host TGI. After induction of 
expression of the chimeric trpE-sbc gene by starving the culture for tryptophan, 
protein extracts from the host were analyzed by SDS-PAGE and Western blot 
Figure 2. Nucleotide sequence and deduced amino acid sequence of the biotin 
subunit of the soybean MCCase. The nucleotide sequence from 
position 1 to 522 was obtained from the MCCase gene cloned in 1121, 
and the nucleotide sequence from position 522 to 2,604 was obtained 
from the MCCase cDNA insert in pSBC. The translation initiating 
ATG is underlined. The vertical arrow indicates the cleavage site for 
the mitochondrial signal peptidase. The boxed amino acid sequence 
following this cleavage site is the sequence obtained by direct 
sequencing of the NH2-terminus of the biotin-containing subunit of 
MCCase. Stop codons are boxed. 
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aattt^EgjtttaatattaaattaatcctaaaaaaatatFaAqjaatttattcttaaac 
atttacqtatajtâiattl^attttqtattttttaaaaaqaataaatttjEqicgtlEg^ 
qqaaqtaaaacaqqtqttlEâqfccttttltâiaaatataaelti^caaaaagatgaagctgtt 
gaatgtgagcttactaagctggccaaagtttcattcatccatatcccactccattacagc 
acagcacttgtggattggacaaaactaccccte^Jtatcagtgtccgatcatggcacg 
M A S  
cattcatattatttctcaatccttcctcctttccatttcqcaceaacctccatqqcttct 
L A L L R R T T L S H S H V R A R A  
ctggcgttgctccgcagaaccacgctctcccactcgcacgtgcgtgcacgagccttctct 
E  G  K  s i  S N R H R I E K I L V A H R G E  
gaggggaagagcagcaacagacaccgcatcgagaagattctagtagccaaccgcggcgaa 
l A C R I T R T A R R L G I Q T V A V Y  
atcgcttgcaggatcacgaggaccgcgcggaggctcggcattcaaaccgtcgccgtttac 
S D A D R D S L H V A T A D E A I R I G  
agcgacgccgacagggattcgctccacgtggcaaccgccgacgaggccattcgaatcgga 
P P P A R L S Y L N G A S I V D A A I R  
ccgccgccggcgcggctcagttacttgaacggagcctccatcgtcgacgccgcaattcgc 
S G A Q A I H P G Y G F L S E S A D F A  
tccggcgcgcaggctattcaccctgggtatggattcttgtcggagagtgctgacttcgcc 
K L C E E S G L T F I G P P A S A I R D  
aagctctgtgaggagagtggtctcacttttatagggcctcctgcgtctgctattcgagat 
H G D K S A S K R I M G A A G V P L V P  
atgggtgacaagagtgcatcgaagagaataatgggagctgcaggtgtgcctcttgtacct 
G Y H G Y D Q D I E K H K L E A D R I G  
ggatatcacggatatgatcaagatattgaaaaaatgaagttggaagctgatagaattgga 
Y P V L I K P T H G G G G K G H R I V H  
tatccagtcctaattaagccaactcatggtggaggtggaaagggtatgaggattgtacac 
T P D E F V E S F L A A Q R E A A A S F  
actccagatgagtttgttgaatccttcttagctgcacaacgggaagcagctgcttctttt 
G V N T I L L E K Y I T R P R H I E V Q  
ggcgtcaacacaatattgttggagaagtatattacacggccaagacacatagaagtccag 
I F G D K H G N V L H L Y E R D C S V Q  
atatttggggataagcatgggaatgttctgcatttgtatgagcgagattgcagtgttcag 
R R H Q K I I E E A P A P N I S A D F R  
agaagacaccaaaaaataattgaagaagctccagctccaaacatttctgctgactttcgt 
A Q L G V A A V S A A K A V N Y Y N A G  
gcacaattgggtgtagccgctgtttcagctgcaaaggcagttaattattacaatgctggg 
T V E F I V D T V S D E F Y F M E M N T  
actgtggagtttatagttgatacagtctctgatgaattttactttatggagatgaataca 
R L Q V E H P V T E M I V G Q D L V E W  
cgtcttcaggttgagcatcctgttacagaaatgattgttggtcaggatcttgttgaatgg 
Q I L V A N G E A L P L S Q S Q V P L S  
caaatccttgttgccaatggagaagctcttccattgagtcaatcacaagtacccttatca 
G H A F E A R I Y A E N V Q K G F L P A  
ggtcatgcttttgaagctcgaatctatgctgaaaatgttcaaaaagggtttcttccagca 
T G V L H H Y H V P V S S A V R V E T G  
actggagttctacaccattatcatgttccagtctcatctgcagtccgagtggagactgga 
V K E G D K V S H H Y D P H I A K L V V  
gttaaagaaggagacaaagttagcatgcactatgatcctatgattgctaagcttgtggtg 
W G E N R A A A L V K L K D S L S K F Q  
tggggagaaaatcgtgctgctgccttggtcaaactcaaggatagtctgtcaaagtttcag 
V A G L P T H V N F L Q K L A N H R A F  
gttgcaggtctgccaaccaatgtcaactttcttcaaaagcttgctaatcacagggcattt 
A I G N V E T H F I D N Y K E D L F V D  
gcaattggcaatgtggagactcattttattgataactacaaagaagacctctttgttgat 
A N N S V S V K E A Y E A A R L N A S L  
gctaacaattcagtgtctgtgaaagaagcatatgaagctgctagacttaatgcatccctg 
V A A C I i l E K E H F I L A R N P P G G  
gtggccgcatgcctcattgaaaaagagcatttcatattggctagaaatccacctgggggc 
S S L L P I W Y S S P P F R I H H Q A K  
agcagcttgctccctatatggtattcttctccacctttcagaatceatcatcaagctaag 
R R M E L E W D N E Y G S G S S K I M K  
cgtagaatggaacttgagtgggataatgaatatggtagtggtagctcaaagatcatgaag 
L T I T Y Q P D G R Y L I E T E Q N G S  
cttaccatcacttatcagcctgatgggagatacctaattgagacagaacaaaatggatct 
P V L E V K S T Y V K D N Y F R V E A A  
cctgttttagaagtgaaatcaacatatgtaaaagataactattttagagttgaagctgct 
G V I N D V N V A V Y S K D Q I R H I H  
ggtgtaatcaatgatgttaatgtagctgtttattcaaaggatcaaataaggcatattcat 
I W Q G S C H H Y F R E K I G L E L S E  
atttggcaagggtcctgtcatcattatttcagagagaaactaggcctggagctgtctgag 
D E E S Q H K P K V E T S A H P Q G T V  
gatgaagaatcccaacataaacccaaagttgaaacatcagcaaaccctcaagggacagtt 
V A P H A G L V V K V L V E N K T R V E  
gtagcacccatggcaggcttggtagttaaggttctagtggagaacaagacaagagtggag 
E G Q P V L V L E A M K H E H V V K A P  
gaaggacaacctgtgttagtattggaagcaatgaagatggagcatgttgtaaaggcacct 
S S G Y V H G L Q L M V G E Q V S D G S  
tcttctggctatgtgcatgggcttcaacttatggtgggtgaacaggtttcagatggcagt 
V  L  F  S  V  K  D  Q  
gttcttttcagtgtaaaggatca^âjaatcgcacttgacagctttacgccaagactttg 
gcaagggggacattatctggaattc 
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Figure 3. Expression of the soybean cDNA clone in E. coli as a trpE chimeric 
protein. (A) The cDNA insert from pSBC {she) was subcloned into 
the EcoRl site of pGEM-7Zf(+) and subsequently subcloned into 
pATH2 by using the flanking restriction enzymes BarnHl and JŒal. 
The resulting plasmid (pATM2), contained the sbc sequence in a 
translational fusion at the 3'-end of the trpE gene. The expanded 
region shows the nucleotide and amino acid sequence at the junction 
between the trpE gene and the sbc cDNA. The sequence to the left 
of the BarnHl site is the 3'-end of the trpE gene. The sequence to 
the right of the EcoRI site is the 5'-end of the sbc cDNA (outlined in 
box). The sequence between the BarnHl and jBcoRI sites came from 
pGEM-7Zf(+). (B) The plasmids pATH2 and pATM2 were 
transformed into the E. coli strain TGI and initially cultured in the 
presence of tryptophan. Expression of the trpE gene was achieved 
by starving the cells for tryptophan by culturing the cells in minimal 
media lacking tryptophan and containing indoleacryUc acid. Cells 
were harvested, washed, and lysed in the presence of 2% SDS. The 
resulting extract was analyzed by SDS-PAGE, and the gel was 
stained with Coomassie Brilliant Blue. (C) Proteins from cultures 
harboring pATH2 and pATM2 were fractionated by SDS-PAGE and 
biotin-containing polypeptides were detected by Western analysis 
with I25i.streptavidin. 
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analysis. Staining of these gels with Coomassie Brilliant Blue showed that the 
host containing the recombinant plasmid accumulated a new polypeptide of 110 
kDa (Fig. 3B), which is 73 kDa larger than the trpE protein detected in extracts 
from cultures harboring the nonrecombinant pATH2 vector. This difference in the 
molecular weights between these polypeptides is consistent with the additional 
674 residues that were fused to the 37 kDa trpE polypeptide to construct the 
chimeric trpE protein. Western blot analysis, with i^sj.gtreptavidin, of extracts 
from cultures harboring pATH2 and pATM2 identified biotin-containing 
polypeptides (Fig. 3C). These analyses identified the BCCP component of the E. 
coli acetyl-CoA carboxylase as an approximately 20-kDa biotin-containing 
polypeptide present in both extracts. Moreover, these analyses revealed the 
chimeric trpE-sbc protein as a new biotin-containing polypeptide, present only in 
extracts from cultures harboring pATM2. The several less abundant biotin-
containing polypeptides present only in extracts from pATM2-containing cultures 
are probably proteolytic degradation products of the chimeric trpE-sbc protein. 
The biotinylation of the expressed trpE-sbc chimeric protein reinforced our original 
identification of the soybean cDNA insert of pSBC as coding for a biotin-
containing polypeptide. 
The 110-kDa, biotin-containing polypeptide expressed from the trpE-sbc 
chimeric gene was purified by preparative SDS-PAGE. After staining of the gel 
with Coomassie Brilliant Blue, the fusion protein band was excised from the gel, 
and the gel slices were dried by lyophilization. Dried gel slices containing the trpE-
sbc fusion protein were used as an antigen to immunize rabbits. The resulting 
antiserum was used to identify the polypeptide coded by the cDNA insert of pSBC. 
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Western blot analysis of soybean leaf proteins fractionated by SDS-PAGE, 
and sequentially probed with the antiserum to the trpE-sbc fusion protein and 
i25i.protein A revealed a single polypeptide in the soybean protein extract that 
had a relative molecular weight of 85,000 ± 2,000 (Fig. 4A). This protein band 
corresponds to the most abundant biotin-containing polypeptide that was 
visualized by Western analysis of the same extract using i^si-gtreptavidin (Fig. 
4B). Therefore, the cDNA insert of pSBC codes for an 85-kDa biotin-containing 
polypeptide of soybean. 
Identification of the Enzymatic Function of the 85-kDa Biotin-
Containing Polypeptide of Soybean. The enzymatic function of the 
polypeptide recognized by the antiserum to the trpE-sbc fusion protein was 
determined by immuno-inhibition experiments, a typical one of which is illustrated 
in Fig. 4C. In these experiments, increasing amounts of either preimmune serum 
or antiserum were added to equal aliquots of a soybean leaf protein extract. After 
a 2-h incubation on ice, the aliquots were assayed for activities of the biotin 
enzymes that we knew to be present in the extract, acetyl-CoA carboxylase, 
propionyl-CoA carboxylase, and MCCase. Increasing amounts of preimmune 
serum had no effect on any of the biotin enzymes examined, and the antiserum to 
the trpE-sbc fusion protein did not affect acetyl-CoA carboxylase or propionyl-
CoA carboxylase. However, addition of increasing amounts of antiserum to the 
trpE-sbc fusion protein specifically inhibited MCCase activity. 
The experiments just described led to the identification of the protein coded 
by the cloned soybean gene and cDNA as the biotin subunit of MCCase, a 
polypeptide of about 85 kDa. Thus, the amino acid sequence deduced from the 
Figure 4. The soybean cDNA clone sbc codes for the biotin subunit of 
MCCase. Antisera directed against the trpE-sbc chimeric protein 
was used to identify the enzymatic function of the protein coded by 
the soybean cDNA clone. Increasing amounts of either preimmune 
or antiserum were added to identical aliquots of a soybean leaf 
extract that contained acetyl-CoA carboxylase, propionyl-CoA 
carboxylase, and MCCase activity. After a 2-h incubation on ice, 
residual acetyl-CoA carboxylase, propionyl-CoA carboxylase and 
MCCase activities were determined. (B) A soybean leaf extract was 
fractionated by SDS-PAGE, the proteins were electrophoretically 
transferred to nitrocellulose, and biotin-containing polypeptides were 
detected with i^si.gtreptavidin. (C) An identical analysis to that 
shown in panel B, except that the nitrocellulose filter was 
sequentially incubated with antiserum to the trpE-sbc chimeric 
protein, and l^si.protein A. 
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cDNA insert of pSBC represents the amino acid sequence of the biotin subunit of 
MCCase. 
Primary Structure of the Biotin Subunit of 3-Methylcrotonyl-CoA 
Carboxylase. Northern blot analyses of RNA isolated from leaves, cotyledons 
and stems of soybean and probed with the MCCase cDNA revealed a single 
mRNA species of about 2.4 kb in each of the RNA preparations (Fig. 5). These 
analyses indicate that the MCCase mRNA is expressed fairly ubiquitously in a 
variety of the soybean organs. 
In addition, these analyses indicate that the MCCase cDNA cloned in pSBC 
is about 300 bases short of being a full-length copy of the mRNA. To obtain the 
entire sequence of the biotin subunit of the soybean MCCase, we isolated a portion 
of the genomic clone corresponding to the 5'-end of the MCCase cDNA. A 1.5-kb 
Sail fragment that hybridized to the 5'-most end of the MCCase cDNA was 
isolated from the MCCase genomic clone, ÀC121. This fragment was cloned into a 
phagemid vector, and the portion of the fragment that overlapped the MCCase 
cDNA, plus 522 bases upstream, was sequenced. Translation of this sequence, in 
the same reading frame as the MCCase sequence, extends the MCCase amino 
acid sequence for an additional 82 residues, after which stop codons are 
encountered. Downstream of the stop codons is a single met residue, which we 
putatively identify as the translation initiating methionine. The nucleic acid 
sequence surrounding this putative start codon, TCCATGGC. partly matches the 
consensus sequences for efficient initiation of translation (21, 22). This match is 
consistent with the identification of this particular ATG codon as the translational 
initiating codon. 
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Figure 5. Identification of the mRNA coding for the biotin subunit of MCCase. 
RNA was isolated from leaves, cotyledons, and stems of 12 day-old 
soybean plants. Approximately 20 ng of each RNA preparation was 
firactionated by electrophoresis in a formaldehyde-containing agarose gel 
and subjected to northern analysis. The resulting blot was hybridized 
with 32p-labeled MCCase cDNA. 
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These sequence analyses established the complete amino acid sequence of 
the biotin-subunit of the soybean MCCase. The sequence is 731 amino acids in 
length and codes for a polypeptide with a molecular weight of 78,142. 
Consistent with the mitochondrial localization of MCCase (23, 24), the 21 residues 
following the initiating methionine residue have the characteristics of a 
mitochondrial targeting signal peptide (25). Namely, the sequence is hydrophobic 
(7 of 22 residues are leu, met, phe or val), and in addition the putative targeting 
peptide has an overall positive charge (5 of 22 residues are arg and his, with no glu 
or asp residues). Finally, the sequence arg-ala-phe-ser is in perfect agreement 
with a cleavage-site motif recognized by mitochondrial processing protease (26). 
Direct proof that the arg-ala-phe-ser sequence is the cleavage site for a 
mitochondrial processing protease was obtained by sequencing the NHg-terminus 
of the purified MCCase biotin subunit. The sequence obtained was ser-glu-gly-lys-
ser, which corresponds to the sequence deduced from the genomic clone coding for 
MCCase on the carboxyl side of the arg-ala-phe-ser motif. The coincidence of the 
amino acid sequence deduced from the genomic clone of MCCase with the direct 
sequencing of the MCCase polypeptide, substantiates the identification of the 
NH2-terminal sequence of this polypeptide. Thus, from the deduced amino acid 
sequence, we predict that the biotin subunit of MCCase is first synthesized as a 
precursor with a molecular weight of 80,619, which contains an NHg-terminal 
mitochondrial targeting peptide of 22 residues. 
Identification of Functional Domains in the Biotin Subunit of 
MCCase by Sequence Comparison. The primary sequence of the MCCase 
biotin subunit shows significant similarities to sequences of other biotin enzymes. 
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The sequence similarities between MCCase and other biotin enzymes occur in two 
distinct domains that identify catalytic functionality. 
One of these conserved domains occurs at the carboxyl end of the sequence 
and shows a high degree of similarity to the biotin carboxyl carrier protein (BCCP) 
of the E. coli acetyl-CoA carboxylase (27) (Fig. 6). This "biotin carrier" domain is 
centered on the motif ala-met-lys-met, which is the conserved biotinylation site of 
biotin enzymes. As with all biotin enzymes (3) except acetyl-CoA carboxylases 
(15-17) and urea carboxylase (18), this conserved sequence motif occurs near the 
carboxyl-end of the MCCase sequence. The conservation of this motif is not 
absolute among all the biotin enzymes; ala-met-lys-met is the most prevalent of 
the sequences, but val-met-lys-met occurs in acetyl-CoA carboxylases (15-17), 
and ala-met-lys-ala occurs in urea carboxylase (17). This high degree of 
conservation at the tetrapeptide marking the site of biotinylation does not seem to 
be for recognition of the lysine residue that is biotinylated (28); rather, the 
conservation may be for catalytic proficiency of the enzyme (29). Identification of 
the lysine residue to be biotinylated seems to be determined by a hydrophobic 
residue, 33 residues downstream of the lys residue (28, 30); such a hydrophobic 
residue is present at this position of the MCCase sequence. 
The biotin carrier domain of MCCase also shows similarity to the lipoic acid 
carrier domain of the acetyl transferase component of pyruvate dehydrogenase; 
the 124 residue sequence, ^ozala-ala-gly-val-ile asp-gly-ser-val-leu'^^s, of MCCase 
is 23% identical (71% similar if allowance is made for conservative substitutions) 
to the E.coli pyruvate dehydrogenase lipoic acid carrier domain (31). As pointed 
out before (3, 4, 32), this sequence similarity between the carrier domains of biotin 
and lipoic acid enzymes may be indicative of the similar mechanistic fiinction of 
Figure 6. Comparison of the amino acid sequence of the biotin subunit of the 
soybean MCCase (Sbmcc) with the a-subunit of human propionyl-
CoA carboxylase (Hu-Pcc), biotin carboxylase (E-Bc), and biotin 
carboxyl carrier protein (E-Bccp) components of the E.coli acetyl-
CoA carboxylase. Identical amino acids are boxed, and gaps to 
maximize alignments are indicated by full stops. 
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these two cofactors in enzyme catalysis. Namely, both cofactors are covalently 
attached to enzymes via the side chains of lysine residues, and both cofactors act 
as carriers of a reaction intermediate between physically separated active sites. 
The second domain conserved between the MCCase and other biotin enzymes is 
located at the NHg-terminal portion of the MCCase sequence. The sequence of 
this conserved region (between residues 23 and 423) is 48% and 38% identical to 
the NHg-terminal portion of the biotin subunit of the human propionyl-CoA 
carboxylase (33) and the E. coli biotin carboxylase (34, 35), respectively (Fig. 6). 
The similarity between the sequences in this domain extends to other biotin 
enzymes, but the degree of similarity is somewhat less. This conserved domain 
probably represents the subsite that catalyzes the first half-reaction of MCCase, 
the carboxylation of biotin. Consistent with this catalytic function, the domain 
contains the conserved sequence ^^^gly-gly-gly-gly-lys-gly^^^, which probably 
represents the ATP-binding site (36, 37). In addition, the biotin carboxylase 
domain of MCCase shows sequence similarity to the NH2-terminal portion of the 
bacterial carbamoyl phosphate synthetase from Methanosarcina barkeri (38) and 
Bacillus subtilis (39). This similarity in the sequences is most pronounced at the 
MCCase sequence iBiarg-ile-gly-tyr-pro-val-leui^?, and the degree of identity in the 
sequences is approximately 22% over about 200 residues; if conservative 
substitutions are accounted for, the degree of similarity between the biotin 
carboxylase domain of MCCase and carbamoyl phosphate synthetases is 
approximately 60%. The sequence similarity between the biotin carboxylase 
domains of biotin enzymes, including that of MCCase, and carbamoyl phosphate 
synthetases, is an indication of the mechanistic parallels in the reactions 
catalyzed by the two sets of enzymes. 
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The similarity between the biotin carboxylase domain of biotin enzymes 
indicates that these primary sequence domains represent a conserved three 
dimensional structure which is important for catalytic function. An indication 
that the conservation of the primary structure of the biotin carboxylase domain 
also extends to conservation in higher orders of structure is obtained by comparing 
the hydrophilicity of the homologous domain from a variety of biotin enzymes. 
Figure 7 illustrates the hydrophilicities of the biotin carboxylase domains of 
MCCase (residues 23 to 423), human propionyl-CoA carboxylase (residues 40 to 
428) (33), yeast pyruvate carboxylase (residues 21 to 415) (32), and the E. coli 
biotin carboxylase (residues 4 to 390) (34, 35). Extensive areas of sequence within 
the biotin carboxylase domains from these four biotin enzymes show similar 
hydrophilicity profiles. The conservation in the hydrophilicity profiles among these 
sequences is particularly notable in two regions. The first is from residue 70 to 
residue 160 in Fig. 6. This region shows four minima in hydrophilicity interspersed 
by three peaks in hydrophilicity. This profile is most conserved in the sequences of 
MCCase, human propionyl-CoA carboxylase, and yeast pyruvate carboxylase, 
but is somewhat less well conserved in the E. coli biotin carboxylase sequence. 
This region corresponds to the MCCase sequence lo^gly-ala-gln-ala-ile-his gly-
gly-lys-gly-met-arg200, which contains the putative ATP-binding site (residues 
193-198), and the nonomeric sequence n^his-pro-gly-tyr-gly-phe-leu-ser-gluii^^ 
which is highly conserved in many additional biotin enzymes. 
The second region that shows a high degree of conservation in the 
hydrophihcity profile is centered on residue #230 of Fig. 7. This region has two 
closely spaced peaks in the hydrophilicity profile and is most highly conserved in 
the sequences of MCCase, human propionyl-CoA carboxylase, and J5. coli biotin 
Figure 7. Hydrophilicity index of the biotin carboxylase domains of (A) soybean 
MCCase (residues 23-423); (B) human propionyl-CoA carboxylase 
(residues 40-428) (33); (C) E. coli biotin carboxylase (residues 4-390) 
(34, 35); (D) yeast pyruvate carboxylase (residues 21-415) (32). 
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carboxylase. This region corresponds to the MCCase sequence 255ieu-tyr-
glu his-gln-lys269. The primary sequence in this region is not uniformly 
conserved among the sequences of the biotin enzymes compared. However, this 
region is rich in charged residues and contains a cys residue, all of which are 
conserved, not only in the sequences shown in Fig. 7, but also in other biotin 
enzymes. These residues may therefore have a critical structural or catalytic 
role; e.g., the cys residue may be involved in a disulfide bridge, or because MCCase 
and other biotin enzymes are known to be susceptible to arginine modifying 
reagents such as phenylglyoxal (40), this region may contain such an essential 
residue. These speculations may be confirmed by additional biochemical and/or 
mutagenesis studies. 
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SUMMARY 
MCCase catalyzes the ATP-dependent carboxylation of 3-methylcrotonyl-
CoA to form 3-methylglutaconyl-CoA, a reaction required in the catabolism of 
leucine in animals (40, 41) and microbes (42-44). This enzyme has had an 
illustrious history, helping to define the biochemical function of biotin in the 
biosphere (45). In contrast to the characterization of MCCase from animals and 
microbes, MCCase was only recently discovered in plants (5, 6), and its structure 
and metabolic function is only now being characterized (23,46). Indeed, knowledge 
about the biochemistry of biotin in plants is rudimentary, even though plants are 
one of the two sources of this vitamin in animal diets. 
This manuscript reports the molecular cloning of a gene and a cDNA coding 
for the biotin subunit of the MCCase from soybean. This represents the first 
sequence reported for any higher plant biotin enzyme. Isolation of these clones 
was achieved by using a strategy that is based on the hypothesis that the biotin-
binding region of biotin enzymes is conserved throughout all kingdoms, including 
plants. Our goal was to isolate clones coding for plant biotin enzymes, in general, 
and subsequently analyze their identity, function, and structure. 
The sequence of the biotin subunit of MCCase has directly identified the two 
functional domains required for the catalysis of the first half-reaction catalyzed by 
MCCase, that is the biotin carrier domain and the biotin carboxylase domain. 
Although the presence of these two functions on this subunit has been inferred 
from biochemical fractionation of MCCase îvom Achromobacter (44), the sequence 
data confirm these findings and delineates the physical arrangement of these 
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domains on the subunit; the biotin carboxylase domain is at the NH2-end of the 
polypeptide and the biotin carrier domain is at the carboxyl-end. 
The soybean MCCase is the first MCCase to be sequenced from any 
species. The cloning of the biotin subunit of MCCase may have application in 
elucidating the molecular cause of the fatal, genetically inherited metabolic 
disorder of humans, methycrotonylglyciuria, in which MCCase is lacking (47,48). 
Indeed, Southern blot analysis of human DNA probed with the cDNA for the 
soybean MCCase reveals a discrete number of hybridizing bands (data not 
shown). Therefore, it may be possible to isolate the homologous human MCCase 
gene and investigate the molecular cause of this inherited metabolic disorder. 
Finally, the finding that the sequence of the soybean MCCase shows a high 
degree of homology to sequences of almost all biotin enzymes that have been 
determined firom any kingdom provides additional direct evidence that biotin 
enzymes have been evolutionarily conserved. This conservation has provided a 
means of identifying structures that are essential for catalysis. For instance, the 
conserved biotin carboxylase domain was initially recognized by sequence 
homologies between enzymes catalyzing the carboxylation of biotin (3, 4). With 
the ability to direct mutagenesis to specific residues, it will be possible to assign 
catalytic functions to specific residues, but the full potential of such an approach 
will only be realized upon the determination of the three dimensional structure of 
these enzymes. 
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SUMMARY 
3-Methylcrotonyl-CoA carboxylase was purified from soybean seedlings to 
near homogeneity. The enzyme is composed of an 85 kDa biotin-containing 
subunit and a 59 kDa biotin-free subunit. These two subunits appear to be 
present in an equal molar ratio. Like the animal MCCase, the soybean MCCase 
probably has an cXôPô quaternary structure. The kinetics of the purified enzyme 
were studied. Based on the results of initial velocities and inhibition patterns of 
the competitive inhibitors of 3-methylcrotonyl-CoA carboxylase, a random Bi Bi 
Uni Uni Ping Pong mechanism is proposed. Such a mechanism has also been 
observed for acetyl-CoA carboxylase from castor oil seeds (Finlayson et al., 1983) 
and pyruvate carboxylase fi'om chicken liver (Barden et al., 1972). An initial rate 
equation for the proposed mechanism was developed by utilizing a computer-
assisted derivation of the steady-state equation method. The kinetic constants 
have been calculated from secondary plots. 
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INTRODUCTION 
3-Methylcrotonyl-CoA carboxylase (MCCase, EC 6.4.1.4) is a member of a 
group of enzymes that utilize biotin in their catalytic mechanism. MCCase 
catalyzes the ATP-dependent carboxylation of 3-methylcrotonyl-CoA (Mc-CoA) to 
form 3-methylglutaconyl-CoA (Moss and Lane, 1971; Wood and Barden, 1977). 
The reaction catalyzed by MCCase is required in the catabolism of leucine to 
acetoacetyl-CoA and acetyl-CoA (Coon, et al., 1959; Rodwell, 1969). 
A common feature in the reactions catalyzed by biotin enzymes is the 
transfer of a carboxyl group from one substrate to another. Various kinetic 
studies (reviewed by Moss and Lane, 1971; Knowles, 1989) suggest that biotin 
enzymes catalyze two-step reactions: the first being the carboxylation of the 
biotin prosthetic group (Reaction [1]), and the second being the transfer of the 
carboxyl group from the carboxy-biotin intermediate to an acceptor molecule 
(Reaction [2]). Overall these two half-reactions are sum to Reaction [3]. These 
studies have indicated that the kinetic mechanism of biotin enzyme is a Bi Bi Uni 
Uni Ping Pong according to the terminology of Cleland (1963). 
Mg2f 
ATP + HCO3- + E-biotin ===> ADP + Pi + E-biotin-C02- [ 1] 
E-biotin-C02' + Acceptor ===> E-biotin + Acceptor-C02" [2] 
Mg2+ 
sum: ATP + HCO3" + Acceptor ===> ADP + Pi + Donor + Acceptor-C02" [3] 
In addition, the structural organizations oîE. coli acetyl-CoA carboxylase 
(Alberts et al., 1969; Guchhait et al., 1974a; 1974b; Polakis et al., 1974) and 
transcarboxylase from Propionibacteria (Chung et al., 1975; Wood and Zwolinski, 
1976; Wood and Kumar, 1985) have provided evidence that each half reaction 
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occurs at physically separate active sites. In this paper, we report kinetic 
studies on the substrate interactions and patterns of inhibition by competitive 
inhibitors of MCCase. The results are consistent with soybean MCCase following 
a random Bi Bi Uni Uni Ping Pong mechanism. 
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MATERIALS AND METHODS 
Reagents - Q-Sepharose Fast Flow was obtained from Pharmacia LKB 
Biotechnology Company. Avidin was purchased from Pierce Chemical Co. 
Agarose Cibacron Blue 3GA, cyanogen bromide-activated Sepharose 4B and 3-
methylcrotonyl-CoA were purchased from Sigma Chemical Company. [i^C]-
NaHCOg (58 p,Ci/|imol) was from Amersham Life Science. The monomeric avidin 
affinity column was prepared as described by Henrikson et al. (1979). All other 
reagents were from United States Biochemicals. 
Plant Material - Soybean {Glycine max cv Corsoy 79) seeds were 
germinated in a greenhouse at 25°C. Plants were watered daily. 
Purification ofMCCase - All procedures were performed at 4°C. Five-day-
old soybean seedlings were pulverized in a mortar with a pestle in the presence of 
liquid N2. The frozen, ground tissue was homogenized with 3-4 volumes of buffer 
containing 0.1 M Hepes-KOH, pH 7.0,1 mM EDTA, 0.1% (v/v) Triton X-100, 20% 
(v/v) glycerol, 20 mM 8-mercaptoethanol, 100 jxg/ml PMSF, 10 ^iM trans-
epoxysuccinyl-L-leucylamido(4-guanidone)-butane. The extract was filtered 
through four layers of cheesecloth, and the filtrate was centrifuged at 22,100g for 
15 min. To the resulting supernatant, PEG-8000 was added to a final 
concentration of 18%. Precipitated proteins were collected by centrifugation at 
22,100g for 15 min, and the pellet was dissolved in the minimal volume of Buffer 
A. Buffer A was composed of 10 mM Hepes-KOH, pH 7.0, 20 mM 13-
mecaptoethanol, 20% (v/v) glycerol. The enzyme preparation obtained from the 
PEG precipitation was passed through an Agarose Cibacron Blue 3GA column (2 
cm X 10 cm). The column was washed with 500-1000 ml buffer A to remove 
67 
nonspecifically binding proteins. MCCase was eluted with a linear gradient of 0-1 
M KCl in bufier A. All the fractions containing MCCase activity were pooled, 
dialyzed against buffer A, and passed through a Q-Sepharose column (3 cm x 20 
cm), pre-equilibrated with buffer A. The column was then washed with 500 ml of 
buffer A to remove nonspecifically binding proteins. MCCase was then eluted with 
a hnear gradient of 0-0.8 M KCl in buffer A. All the fractions containing MCCase 
activity were pooled, dialyzed against buffer A, and passed through an Agarose-
monomeric avidin affinity column (3 cm x 20 cm), pre-equilibrated with buffer A. 
The column was washed with buffer A containing 0.25 M KCl and MCCase was 
eluted with buffer A containing 0.25 M KCl and 0.4 mM biotin. 
Enzyme Assays - MCCase activity was assayed by the incorporation of 
radioactivity from Hi^COg" into the acid-stable product. The reaction mixture 
containing 0.1 M Tricine-KOH, pH 8.0, 5 mM MgCl2, 2.5 mM DTT, various 
amounts of bicarbonate ([KHCOgMNaHi^COg] = 10), ATP, and 3-methylcrotonyl-
CoA in a final volume of 200 jil. The assay was initiated by the addition of the 
enzyme, and incubated at 37°C for 10 min. The reaction was then terminated by 
the addition of 50 p,l 6 N HCl. An aliquot (100 |il) was dried on a strip of Whatman 
3MM paper, and the acid-stable radioactivity was determined by hquid 
scintillation counting. 
Protein Determination - Protein concentration was determined by the 
method of Bradford (1972). 
Electrophoresis and Western Blot Analysis - SDS-PAGE was performed in 
7.5% acrylamide gels as described previously (Laemmli, 1970). Following 
electrophoresis, proteins were electrophoretically transferred to a nitrocellulose 
membrane (Kyhse-Andersen, 1984), and the biotin-containing proteins were 
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specifically detected using I25i.streptavidin (Nikolau et al., 1985). Immunological 
detection was performed by sequential incubation of the filter with polyclonal 
antibodies, diluted between 1:500 and 1:2000, and with i^^I-Protein A. 
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RESULTS 
Purification ofMCCase - In previous studies on the distribution of MCCase 
activity among various organs of soybean, we had determined that germinating 
soybean seedlings, at an early stage of seedling development, have high MCCase 
activity (Song et al., submitted for publication). Therefore, 5-day-old soybean 
seedhngs were used as the tissue source for the purification ofMCCase. MCCase 
was isolated and purified by a five-step purification procedure outhned in Table I. 
Proteins, extracted from soybean seedlings, were collected and concentrated 
by precipitation at 18% PEG-8000. Nearly 90% of the MCCase activity was 
recovered in the 18% PEG precipitate. This fi-action was then subjected to affinity 
chromatography on an Agarose Cibacron Blue 3GA column, which resulted in a 
high recovery ofMCCase activity, with about a 7-fold purification. The MCCase 
recovered from the Cibacron Blue column was subsequently purified on a Q-
Sepharose ion exchange column, followed by affinity chromatography on a 
monomeric avidin column. Ion exchange chromatography did not give a significant 
increase in the specific activity of the preparation, however, it was retained in the 
procedure since it concentrated the enzyme sample, which helped in the 
subsequent purification step. The last affinity chromatographic step yielded a 
MCCase preparation with a specific activity of nearly 336 nmol/min-mg protein, 
with about 46% recovery of the activity as compared with the initial crude extract 
(Table I). 
The purified MCCase preparation was analyzed by SDS-PAGE and the 
resulting gel was either stained with Coomassie Brilliant Blue or subjected to 
western blot analyses. Two protein bands were present in the enzyme 
Table I. Purification of MCCase fi'om soybean seedlings^. 
Purification 
Step 
Total Protein 
(mg) 
Total Activity 
(units) 
Specific Activity 
(units/mg) 
Purification 
Fold 
Crude Extract 714.3 662.9 0.9 1.0 
0-18% PEG 594.5 594.5 1.0 1.1 
Cibacron Blue 105.7 724.3 6.8 7.6 
Q-Sepharose 80.1 548.7 6.9 7.7 
Monomeric Avidin 0.9 302.9 336.6 374.0 
^350 g of soybean seedlings were used. 
1 unit = 1 nmol ofHCOg" incorporated into 3-methylglutaconyl-CoA per minute. 
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preparation with molecular weights of 85,000, and 59,000 (Fig. lA). 
Densitometric scans of these gels indicate that these two polypeptides are present 
in equimolar ratio, western blot analyses with I25i_streptavidin (Fig. IB) or 
antiserum (Fig. IC) against the biotin-containing subunit of MCCase (Song et al., 
submitted for publication) revealed that 85 kDa polypeptide contains biotin and is 
the biotin-containing subunit of MCCase of soybean. The 59 kDa polypeptide is 
the biotin-free subunit of MCCase. We have previously reported that the 
molecular weight of the native soybean MCCase is 970,000 ± 83,000 (Song et al., 
submitted for publication). Therefore, these results suggest that the soybean 
MCCase has probably an aePe quaternary structure. 
Initial Velocity Studies - Cleland (1963) and Fromm (1967) have described 
the potential kinetic mechanisms for enzymes that utilize three substrates. 
These mechanisms fall into two classes, Sequential and Ping Pong. Two kinetic 
approaches have been used to identify the specific kinetic mechanism a reaction 
is obeying. One approach is to hold one substrate at a constant saturating 
concentration, measuring the initial velocity upon varying the concentrations of 
the other two substrates (Frieden, 1959). In essence the enzyme is treated as a 
two-substrate system. Another approach is to vary the concentration of one 
substrate at different concentrations of the other two substrates, while retaining 
a constant ratio between these later two substrates (Fromm, 1967). This 
analysis is then repeated for all three substrates. This later approach was 
adopted in the studies of the kinetic mechanism of soybean MCCase. 
In a Sequential mechanism, the double reciprocal plots of velocity against 
each substrate concentration will yield a series of converging lines. However, in a 
Ping Pong mechanism, one or more of the double reciprocal plots of the velocity 
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fcPa A B C 
215.5 — 
105.1 — 
69.8 — 
43.3 — 
Figure 1. Analysis of the purified soybean MCCase, MCCase puriGed as 
described in the materials and methods was subjected to SDS-PAGE 
and the resulting gel was stained with Coomassie Brilliant Blue (A). An 
identical gel was subjected to Western analysis witH^^I-streptavidin 
(B), or immunological detection with antibodies to the soybean MCCase 
and i25i.protein A (C). 
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against each of the substrate concentrations will give rise to a series of parallel 
lines. Double reciprocal plots of initial-rate data for MCCase for each substrate 
are illustrated in Fig. 2. Two of the plots obtained from these analyses yield a 
series of intersecting hnes; the plots of the reciprocal of initial velocity with 
respect to the reciprocal of the concentration of ATP (Fig. 2A) or bicarbonate (Fig. 
2B) generate a series of converging lines that intercept to the left of the y-axis. 
However, the plot of the reciprocal of initial velocity with respect to the reciprocal 
of the Mc-CoA concentration generates a series of parallel Unes (Fig. 2C). 
Therefore, these data eliminated all Sequential mechanisms for the reaction 
catalyzed by MCCase. In addition, the Hexa Uni Uni Ping Pong mechanism which 
uniquely generates sets of parallel lines with each of the three substrates is 
eliminated in the case of MCCase. 
There are potentially eight Ping Pong mechanisms that can describe the 
MCCase reaction; these are the Random or Ordered Bi Bi Uni Uni, Uni Uni Bi Bi, 
Bi Uni Uni Bi, and Uni Bi Bi Uni. From many previous studies of biotin enzymes 
(Moss and Lane, 1971; Knowles, 1989), including MCCase icomAchromohacter 
(Schiele et al., 1975), that it is obvious the first half reaction catalyzed by biotin 
enzymes is a Bi Bi Uni Uni reaction in which ATP and bicarbonate react as the 
first two substrates to generate the first two products, ADP and phosphate. 
Indeed, secondary plots constructed from the primary double-reciprocal data are 
consistent with a Bi Bi Uni Uni mechanism for MCCase. For each set of data, the 
slope or y-intercept of each line from the primary data was plotted against the 
concentration of the non varying substrate (see insets of Fig. 2). When ATP or 
bicarbonate were the variable substrates, secondary plots generated linear lines 
(see insets Fig. 2A and Fig. 2B, respectively). However, secondary replots of the 
Figure 2. Initial-rate studies of MCCase. A. Plot of reciprocal of initial velocity 
with respect to the reciprocal of the molar concentration of ATP, at 
the indicated concentration of Mc-CoA and a ratio of [HCOg'MMc-
CoA] = 100. The inset is secondary plots of the intercept and/or slope 
derived from the primary plots with respect to the concentration of 
Mc-CoA. B. Plot of reciprocal of initial velocity with respect to the 
reciprocal of the molar concentration of bicarbonate, at the indicated 
concentration of ATP and a ratio of [ATP]/[Mc-CoA] = 1. The inset is 
secondary plots of the intercept and/or slope derived from the 
primary plots with respect to the concentration of ATP. C. Plot of 
reciprocal of initial velocity with respect to the reciprocal of the 
molar concentration of Mc-CoA at the indicated concentration of 
bicarbonate and a ratio of [HC03"]]/[ATP] = 50. The inset is 
secondary plots of the intercept and/or slope derived from the 
primary plots with respect to the concentration of bicarbonate. 
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primary reciprocal data generated with variable concentrations of Mc-CoA gives 
rise to a non-linear line. 
Both Ordered and Random Bi Bi Uni Uni Ping Pong mechanisms can be 
mathematically described by the same (Equation [1]) (Fig. 3) and therefore can 
not be distinguished purely from initial velocity studies. However, these two 
mechanisms can be distinguished from each other by observing either the 
patterns of inhibitions of competitive inhibitors of each substrate or the inhibition 
patterns by products of the reaction (Fromm, 1975). We utilized competitive 
inhibitors of the substrates to distinguish these two mechanisms for MCCase. 
To predict the patterns of inhibition of the competitive inhibitors of 
MCCase (Table II), the initial velocity rate equations for the two potential Ping 
Pong mechanisms were derived with steady state ENZ-EQ computer program 
described by Fromm (1975). In this derivation, A, B, C are the substrates, and P, 
Q, R are the products. Terms containing the concentration of P, Q, and R as 
products were eliminated, since only the initial velocity is considered. In addition, 
in the Random Bi Bi Uni Uni mechanism, it was assumed that k2 » kgEA], and kg 
» k7[B]. The initial velocity for the Ordered Bi Bi Uni Uni Ping Pong mechanism 
and the Random Bi Bi Uni Uni Ping Pong mechanism are expressed in equation [2] 
and equation [3] (Fig. 3), respectively. 
Utilizing these two rate equations the types of inhibitions that would be 
generated by the competitive inhibitors of each substrate were predicted for each 
mechanism. In both Ordered and Random Bi Bi Uni Uni Ping Pong mechanisms 
competitive inhibitors of substrate A and C give identical patterns of inhibition 
with respect to the other two substrates and therefore are useless in 
Figure 3. Schemes and initial velocity rate equations of Ordered or Random Bi 
Bi Uni Uni Ping Pong mechanisms. 
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1 1 > Ka Kb Kc Kab V f-, 
T = T.-('*Â*T*-C*âb) "1 
Scheme 1. Ordered Bi Bi Uni Uni Ping Pong mechanisms. 
MgATP HCO3" MgADP + Pi 3-Mc-CoA 3-Mgc-CoA 
i  i  ft  1 t  
E EA (EAB - EPQ) E' ER E 
HC03' MgATP Pi + MgADP 3-Mc-CoA 3-Mgc-CoA 
® i  i  tt  i  t  
E EA (EAB - EPQ) E' ER E 
Vra . kii kii kii 1 kii(k4 + k5) 1 kio + kii 1 k2kii(k4 + kii) 1 
+ k.k3k5 ^Âi 
Scheme II. Random Bi Bi Uni Uni Ping Pong mechanism. 
MgATP HCO3" MgADP Pi 
I t  t  3-MC-COA 3-Mgc-CoA 
\  i t 
EB XeAB • F.pni\ EQ / E' ER E 
I l  
HC03' MgATP Pi MgADP 
Vin ki9 ki3ki9 kskis k2k5ki9(k4 + k8 + k9 + ki3) 1 
' ' ' — J -J- I • -J» —I • • II -J- ' I I II I ^ I 
V k9 + ki3 ki5(k9+ki3) kii(k9+ki3) (k9 + ki3)(kik3k6 + k2kjk7) A 
kik6ki9(k4 + ks + k9 + ki3) I km + ki9 1 , k2k6(k4 + k8+k9 + ki3) 1 r,, 
_i_ X — M V — -r ..i-i. X — IJI 
(k9 + ki3)(kik3k6 + kzbk?) B ki7 C kik3k6+kaksk? AB 
Vm Ka Kb Kc Kab 
0.3 umol/min-mg 8.7 uM 618.5 uM 68.9 uM 37.4 mM 
Kinetic constants for equation [3]. 
TABLE II. Patterns of inhibition of competitive inhibitors for various three-substrate mechanisms. 
competitive VA 1/B 1/C 
Mechanism inhibitor for plot plot plot 
substrate 
A C N U 
Ordered Bi Bi Uni Uni Ping Pong B U C U 
C U U C 
A c N u 
Random Bi Bi Uni Uni Ping Pong B N C u 
C U u c 
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distinguishing between these two mechanisms. However, a competitive inhibitor 
of the second substrate can distinguish between these two mechanisms since it 
acts as an uncompetitive inhibitor towards the first substrate in the Ordered 
mechanism, whereas it acts as a noncompetitive inhibitor in the Random 
mechanism. ADP was found to be a competitive inhibitor of ATP as indicated by 
Figure 4A. The Ki value for ADP is 127.8 |iM. However, ADP is a noncompetitive 
inhibitor with respect to HCO3" (Ki = 19.7 mM) (Fig. 4B), and a uncompetitive 
inhibitor with respect to Mc-CoA (Ki = 2.9 mM) (Fig. 4C). 
NaHSOg was found to be a competitive inhibitor of MCCase with respect 
to HCO3" (Ki = 2.4 mM) (Fig. 5A), and a noncompetitive inhibitor with respect to 
ATP (Ki = 8.0 mM) (Fig. 5B). The observed patterns of inhibition by these two 
competitive inhibitors of MCCase are consistent with the predicted patterns of 
inhibition for the Random Bi Bi Uni Uni Ping Pong mechanism. In this 
mechanism, there is no preference for the order in which ATP and bicarbonate 
bind to the enzyme. 
Figure 4. Inhibition of MCCase by ADP, A. Plot of reciprocal of initial velocity 
with respect to the reciprocal of the molar concentration of ATP in 
the presence of indicated concentration of ADP. The inset is the 
slope derived from the primary plot with respect to the molar 
concentration of ADP. B. Plot of reciprocal of initial velocity with 
respect to the reciprocal of the molar concentration of bicarbonate in 
the presence of indicated concentration of ADP. The inset is the 
intercept derived from the primary plot with respect to the molar 
concentration of ADP. C. Plot of reciprocal of initial velocity with 
respect to the reciprocal of the molar concentration of Mc-CoA in the 
presence of indicated concentration of ADP. The inset is the 
intercept derived from the primary plot with respect to the molar 
concentration of ADP. 
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Figure 5. Inhibition of MCCase by HSO3". A. Plot of reciprocal of initial 
velocity with respect to the reciprocal of the molar concentration of 
ATP in the presence of indicated concentration of bisulfate. The 
insets are the intercept derived from the primary plot with respect to 
the molar concentration of ADP. B. Plot of reciprocal of initial 
velocity with respect to the reciprocal of the molar concentration of 
bicarbonate in the presence of indicated concentration of bisulfate. 
The insets are the slope derived from the primary plot with respect 
to the molar concentration of ADP. 
1/v {(imol/min-ing) 
O 
Slope 
1/v (pmol/min-ing) 
TABLE III. Apparent kinetic constants for MCCase derived from initial velocity studies. 
Inhibitor Substrate Inhibition pattern Ki 
ADP ATP 
HCŒ-
Mc-CoA 
Competitive 
Noncompetitive 
Uncompetitive 
127.8 uM 
19.7 mM 
2.94 mM 
HSOs' HCOo-
ATP 
Competitive 
Noncompetitive 
2.35 mM 
14.76 mM 
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DISCUSSIONS 
MCCase was purified to near homogeneity fi'om 5-day-old soybean 
seedlings by a five-step purification procedure. Purified MCCase is composed of a 
85 kDa biotin-containing subunit and a 59 kDa biotin-firee subunit. These two 
polypeptides appear to be present in equal molar ratio in a holoenzyme complex of 
890 kDa (Song et al., submitted for publication). Thus soybean MCCase probably 
has an «ôPô quaternary structure. The soybean MCCase resembles the bovine 
kidney MCCase, which is composed 80 kDa biotin-containing subunit and 62 kDa 
biotin-free subunit and has an (X6p6 configuration (Lau et al, 1979). The 
eukaryotic MCCases appear to differ firom the bacterial MCCases which are also 
composed of a biotin-containing subunit and a biotin-firee subunit, but they are in 
an a4P4 configuration (Schiele et al., 1975; Fall and Hector, 1977). 
Initial velocity studies of the purified soybean MCCase, by using the 
method of Fromm (1975) are consistent with a Bi Bi Uni Uni Ping Pong kinetic 
mechanism for the reaction catalyzed by this enzyme. Additional kinetic studies 
of the effect of competitive inhibitors of the initial two substrates of MCCase 
(ATP and bicarbonate) established that the binding of ATP and bicarbonate to the 
enzyme occurs in random order. Therefore, the reaction catalyzed by MCCase 
follows a Random Bi Bi Uni Uni mechanism. 
The mechanism deduced firom the kinetic studies of the soybean MCCase is 
consistent with and extends previous biochemical studies of this enzyme fi'om 
Achromobacter (Schiele et al., 1975). As with all biotin-dependent carboxylases, 
MCCase catalyzes a two step reaction mechanism, the first being the ATP-
dependent carboxylation of the enzyme bound biotin prosthetic group. In the case 
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of the Achromobacter MCCase, the first half-reaction can be catalyzed by the 
biotin-containing subunit, independent of the biotin-free subunit (Schiele et al., 
1975). The kinetic studies described herein indicate that the substrates of this 
half-reaction bind to the enzyme in a random fashion. Evidence that the biotin-
containing subunit of the soybean MCCase can catalyze this first half-reaction 
comes from examination of the amino acid sequence of this subunit deduced from 
the nucleotide sequence of the cDNA clone coding for this protein (Song et al., 
submitted for publication). This sequence shows similarities to other biotin-
containing enzymes in two domains. One domain at the carboxyl end of the 
protein which has a high degree of homology to the biotin carboxy-carrier protein 
(BCCP) of E. coli acetyl-CoA carboxylase is the carboxy-carrier domain, and the 
second domain at the amino terminal end of the protein which has a high degree of 
homology to the biotin carboxylase of E. coli acetyl-CoA carboxylase is the biotin 
carboxylase domain. 
In the first-half reaction, in which ATP is hydrolyzed and biotin is 
carboxylated, probably via a carboxy-phosphate intermediate (Kaziro et al., 1962; 
Climent and Rubio, 1986; Tipton and Cleland, 1988; Ogita and Knowles, 1988; 
Phillips et al., 1992), the first two products, ADP and Pi are released fi'om the 
enzyme. The "charged", carboxylated enzyme (E' in Scheme II) then reacts with 
Mc-CoA to form the final product 3-methylglutaconyl-CoA, This second half-
reaction appears to be catalyzed by the biotin-fi^ee subunit of MCCase (Schiele et 
al., 1975). 
The Bi Bi Ui Uni Ping Pong mechanism is shared by all biotin enzymes so 
far examined. However, the order in which the first two substrates bind appears 
to depend on the enzyme. The soybean MCCase, like chicken liver pyruvate 
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carboxylase (Barden et al., 1972) and castor bean acetyl-CoA carboxylase 
(Finlayson and Dennis, 1983), binds to ATP and bicarbonate in a random order. 
However, rat liver acetyl-CoA carboxylase (Hashimoto and Numa, 1971) and 
pyruvate carboxylase (Wallace et al., 1975) appear to bind these substrates in an 
ordered fashion, with ATP binding prior to the binding of bicarbonate. 
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PAPER 3. IDENTIFICATION AND CHARACTERIZATION OF TWO 
FORMS OF 3-METHYLCROTONYL-CoA 
CARBOXYLASE OF SOYBEAN 
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ABSTRACT 
Two peaks of 3-methylcrotonyl-CoA carboxylase activity were detected 
upon anionic exchange chromatography of extracts from soybean leaves. The two 
forms, designated MCCase I and MCCase II (according to the order of elution), 
were characterized to ascertain their distinguishing features. Comparative 
kinetic analyses of the two forms of MCCase revealed that MCCase I exhibits a 
lower Km for ATP than MCCase II; 5.2 ± 0.6 ^ iM and 14.4 ± 0.2 |iM, respectively, 
but other kinetic properties were nearly identical for the two forms. K^s for 3-
methylcrotonyl-CoA were 15.8 ± 0.5 |iM and 14.4 ± 0.8 |iM, and for bicarbonate, 
they were 0.69 ± 0.01 mM and 0.71 ± 0.01 mM, respectively, for MCCase I and 
MCCase II. Both forms demonstrated optimal activity at between pH 8.3 and pH 
8.6 and showed almost identical dependence on pH. Both MCCase I and MCCase 
II have an identically sized biotin subunit (85 ± 2 kD), and both enzymes have a 
native molecular weight of 970,000 ± 83,000. Western analysis with 
streptavidin and with antibodies directed against the biotin subunit of the soybean 
MCCase demonstrate that MCCase I is more active per enzyme molecule than is 
MCCase II, which indicates that MCCase I has a higher k^at than does MCCase 
II. 
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INTRODUCTION 
3-Methylcrotonyl-CoA carboxylase (MCCase^, EC 6.4.1.4) catalyzes the 
ATP- and Mg2+-dependent carboxylation of 3-niethylcrotonyl-CoA to form 3-
methylglutaconyl-CoA. In animals and bacteria, this enzyme is involved in 
leucine and isovalerate catabolism (Rodwell, 1969; Moss and Lane, 1971; Wood 
and Barden; 1977). MCCases have been purified and characterized from a 
number of sources, including bacteria (Schiele et al., 1975; Fall and Hector, 1977) 
and animals (Lau et al., 1979,1980). The enzyme was first detected in plant 
extracts in 1990 (Wurtele and Nikolau, 1990), and its purification and 
characterization have only recently been achieved (Baldet et al., 1992; Wurtele 
and Nikolau, 1992; Chen et al., 1993; Alban et al., 1993). All MCCases appear to 
have a similar structure, being composed of a biotin-containing subunit and a 
biotin-firee subunit. However, knowledge of the metabolic functions, and 
regulations of this enzyme in plants is hmited. We report here the identification 
and characterization of the two forms of MCCase in soybean leaves. 
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MATERIALS AND METHODS 
Reagents 
All biochemicals were from Sigma Chemical Co. NaH^^COg was purchased 
from Amersham Life Science. Q-Sepharose Fast Flow was obtained from 
Pharmacia LKB Biotechnology. 
Plant Material 
Soybean seeds {Glycine max cv Corsoy 79) were germinated in a sterile 
mixture of 30% (v/v) black soil, 30% (v/v) peat moss, and 40% (v/v) perlite, in a 
greenhouse at 25°C under a cycle of 15 h light and 9 h dark, with the hght 
supplemented by artificial hghting. Plants were watered daily. 
Fractionation of MCCase Carboxylase Activity 
All procedures were performed at 4°C. Leaves of thirty-day-old soybean 
plants were pulverized in a mortar with a pestle in the presence of hquid N2. The 
frozen, ground tissue was homogenized with 3 to 4 volumes of buffer containing 0.1 
M Hepes-KOH, pH 7.0,1 mM EDTA, 0.1% (v/v) Triton X-100, 20% (v/v) glycerol, 
20 mM J3-mercaptoethanol, 100 [ig/mL PMSF, 10 |xM E-64. The extract was 
filtered through four layers of cheesecloth, and the filtrate was centrifuged at 
22,100 g for 15 min. To the resulting supernatant, PEG-8000 was added to a final 
concentration of 4%. Precipitated proteins were removed by centrifugation at 
22,100 g for 15 min. The supernatant was retained, and additional PEG-8000 was 
added to a final concentration of 16%. Precipitated proteins were collected by 
centrifiigation at 22,100 g for 15 min, and the pellet was dissolved in the minimal 
volume of Buffer A, which was composed of 10 mM Hepes-KOH, pH 7.0, 20 mM J3-
mecaptoethanol, and 20% (v/v) glycerol. The enzyme preparation was then 
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passed through a Q-Sepharose column (3 cm x 20 cm) equilibrated with buffer A. 
The column was then washed with 500 mL of buffer A to remove nonbinding 
proteins. MCCase was then eluted with a linear gradient of KCl in buffer A. 
Enzyme Assays 
MCCase carboxylase activity was assayed by the incorporation of 
radioactivity from Hi^COg" into the acid-stable product. The reaction mixture 
contained 0.1 M Tricine-KOH, pH 8.0, 5 mM MgClg, 2.5 mM DTT, 5 mM KHCOg^ 5 
|iCi NaRi^COg (58 |xCi/|4,mol), 1 mM ATP, and 0.2 mM Mc-CoA, in a final volume 
of 200 |iL. The assay was initiated by the addition of the enzyme and incubated at 
37°C for 10 min. The reaction was then terminated by the addition of 50 |iL 6 N 
HCl. An aUquot (100 jjL) was dried on a strip of Whatman 3MM paper, and the 
acid-stable radioactivity was determined by liquid scintillation counting. 
Electrophoresis and Western Blot Analysis 
SDS-PAGE was performed in 7.5% acrylamide gels as described previously 
(Laemmli, 1970). After electrophoresis, proteins were electrophoretically 
transferred to a nitrocellulose membrane (Kyhse-Andersen, 1984), and the biotin-
containing proteins were specifically detected by using i^^I-streptavidin (Nikolau 
et al., 1985). Immunological detection was performed with polyclonal antibodies 
diluted between 1:500 and 1:2000, and i^sj.protein A. 
Nondenaturing Gel Electrophoresis 
The molecular weight of native MCCase was determined by electrophoresis 
in gels composed of a linear gradient of 3%-16% acrylamide according to the 
procedure of (Lambin and Fine, 1979). Electrophoresis was conducted in slab gels, 
at 4°C, for 48 h in the presence of Tris-borate-EDTA buffer, pH 8.2, composed of 
88.7 mM Tris, 81.5 mM boric acid, and 2.5 mM EDTA-Nag. The molecular weight 
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standards were thyroglobulin (660 kD), apoferritin (443 kD), fî-amylase (200 kD), 
and alcohol dehydrogenase (150 kD). The molecular weight standards were 
visualized by staining with Coomassie Brilliant Blue, Biotin-containing proteins 
were analyzed by Western analysis with i^si-streptavidin. 
DNA Gel Blot Analysis 
Genomic DNA was isolated from soybean leaves according to the procedure 
of Dellaporta et al. (1983). After digestion with individual restriction enzymes, 
DNA was fractionated by electrophoresis in a 0.7% agarose gel and transferred to 
the nylon membrane according to Southern (1975). After fixation of the 
transferred DNA to the membrane by baking in a vacuum oven at 80°C for 2 h, 
the membrane was prehybridized at 65°C for 16 h in 6 X SSC [1X SSC solution is 
150 mM sodium chloride, 15 mM sodium citrate, pH 7.0], 5 X Denhardt's [1X 
Denhardt's solution is 0.02% (w/v) Ficoll, 0.02% (w/v) polyvinyl pyrrolidone, 
0.025% (w/v) BSA], 50 mM Tris-Cl pH 8.0, 0.2% SDS, 10 mM EDTA, 100 ng/ml 
sheared salmon sperm DNA. Subsequently, the blot was hybridized in the same 
conditions with ^^P-labeled cDNA encoding the biotin subunit of MCCase in 
prehybridization buffer containing 10% (w/v) dextran sulfate. DNA was 
radioactively labeled by using a random primer labeling method (Feinberg and 
Vogelstein, 1983). After hybridization, the membrane was washed twice with 0.2 
X SSC plus 0.5% SDS for 10 min at room temperature, followed by a 30 min wash 
with the same solution at 65°C. Autoradiography was performed utiHzing Kodak 
intensifying screens. 
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RESULTS 
Separation of Two Forms of MCCase 
In attempting to devise a scheme for the purification of MCCase fi'om 
soybean leaves, we observed that two peaks of MCCase activity were recovered 
upon anionic exchange chromatography of the preparation on Q-Sepharose (Fig. 
lA). The first MCCase activity peak (designated MCCase I) was eluted at 0.08 M 
KCl, and it exhibited a sharp elution profile. The second MCCase activity peak 
(designated MCCase II) eluted at 0.3 M KCl, and it exhibited a relatively broad 
elution profile. MCCase I and MCCase II represented about 30% and 70%, 
respectively, of the total MCCase activity recovered fi'om the Q-Sepharose 
column. 
Equal aliquots of selective fractions firom the Q-Sepharose elution profile 
were subjected to SDS-PAGE, followed by Western analysis with i^sj.gtreptavidin 
(Fig. IB). A single biotin-containing polypeptide of 85 ± 2 kD was present in 
fractions containing MCCase activity. This biotin-containing polypeptide present 
in both peaks of MCCase activity was recognized by antibodies raised to the 
soybean MCCase (Song et al., submitted for publication), thus identifying it as the 
biotin subunit of MCCase. The intensity of the 85 kD biotin-containing 
polypeptide band revealed by i^sj-streptavidin did not coincide with the MCCase 
activity profile. For example, compare the fractions corresponding to the peaks of 
MCCase I and MCCase II, fractions 10 and 41, respectively. The lane 
corresponding to fraction 10 contained 175.5 pmol/min of MCCase activity, 
whereas the lane corresponding to Abaction 41 contained 126.8 pmol/min. Yet the 
Figure 1. Anion exchange chromatography of soybean MCCase. A, a soybean 
leaf extract, fractionated by PEG precipitation, was loaded onto a Q-
Sepharose column (3 cm X 20 cm). After extensive washing, the 
column was eluted with a linear gradient of KCl. MCCase activity 
was monitored in the eluate; B, Western analysis, with 
streptavidin, of selected fractions from the eluate; C, Western 
analysis, with I25i_streptavidin, of equal MCCase activity from 
MCCase I and MCCase II peaks; D, Western analysis, with anti-
soybean MCCase antibodies and i^si.protein A of equal MCCase 
activity from MCCase I and MCCase II peaks. 
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intensity of the MCCase band in fraction 41 was at least 10-fold higher than that 
of fraction 10. 
This observation was further substantiated and extended by the 
experiment illustrated in Fig. IC and ID. The fractions containing MCCase I and 
MCCase II were pooled separately, and reassayed for MCCase activity, and 
aliquots containing equal MCCase activity were subjected to SDS-PAGE and 
Western analysis. Probing of the blot with i^si.gtreptavidin (Fig. IC) or 
sequentially with antibodies to soybean MCCase and i^si.protein A (Fig. ID) 
revealed the relative quantities of biotin and MCCase polypeptide, respectively. 
These analyses showed that MCCase I contained less biotin and less biotin-
containing polypeptide than MCCase II when the comparison was made on the 
basis of MCCase activity. 
Kinetic Constants 
The two forms of MCCase, MCCase I and MCCase II, were analyzed to 
determine their enzymological properties. The Michaelis constants for the three 
substrates were individually determined by varying the concentration of each 
substrate while maintaining a constant, saturating concentration of the other two 
substrates. Lineweaver-Burk analyses of the data revealed that MCCase I had a 
lower Km value for ATP (5.8 ± 0.6 |xM) in comparison with MCCase II (14.4 ± 0.2 
loM) (Fig. 2A). The apparent Km values for the other two substrates, Mc-CoA and 
bicarbonate, were nearly identical for the two forms of MCCase; the Km values for 
Mc-CoA were 15.8 ± 0.6 |xM for MCCase I and 14.4 ± 0.8 |iM for MCCase II (Fig. 
2B), and for bicarbonate, they were 0.69 ± 0.01 mM for MCCase I and 0.71 ± 0.01 
mM for MCCase II (Fig. 2C). These KmS for the substrates of the soybean 
MCCase are similar to KmS obtained previously for MCCases from other sources 
Figure 2. Lineweaver-Burk analyses of the substrate dependence of MCCase I 
and MCCase II. A, ATP concentration was varied at 5.5 mM HCO3-
and 0.2 mM Mc-CoA; B, Mc-CoA concentration was varied at 5.5 
mM HCO3- and 1 mM ATP; C, HCOg- concentration was varied at 
0.2 mM Mc-CoA and 1 mM ATP. Insets show the original data. 
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such as Achromobacter (Himes et al., 1963); Pseudomonas citronellolis (Fall, 
1981); bovine kidney (Lau et al., 1980); pea (Alban et al., 1993); and carrot (Chen 
et al., 1993). 
pH Optimum 
The optimum pH for activity by MCCase I and MCCase II was determined 
by assaying the two forms of the enzyme in assays buffered with 0.05 M Bis-Tris 
Propane- adjusted to different pH, in the range from pH 5.8 to pH 10.3. The 
results shown in Fig. 3 indicate that MCCase I and MCCase II have a very similar 
optimum pH for activity, at between pH 8.3 and pH 8.8. The optimum pH for 
activity by soybean MCCase is similar to MCCase from other plant, animal, and 
bacterial sources (Alban et al., 1993; Chen et al., 1993; Hector et al., 1980; Schiele 
and Lynen, 1981). 
Activation by K+ 
MCCases from bovine kidney (Lau et al., 1980) and human fibroblasts 
(Weyler et al., 1977) extracts are activated by approximately 5- to 7-fold by K+ 
ions at the concentration of 50-100 mM. Similar activations by K+ ions have been 
observed for the purified maize MCCase (Diez et al.. Department of Biochemistry 
and Biophysics, Iowa State University, personal communication). To test 
whether both MCCase I and MCCase II are similarly activated by K+ ions, the 
two preparations were first dialyzed exhaustively against 10 mM Hepes-Tris, pH 
7.0, 20% (v/v) glycerol, 20 mM 13-mercaptoethanol, and subsequently assayed in 
the presence of increasing concentration of K+ (Fig. 4). Both MCCase I and 
MCCase II were slightly activated by K+, with maximal activation occurring at 50 
mM KCl. When KCl concentration was increased to more than 50 mM KCl 
activation was lost. 
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Figure 3. Effect of pH on MCCase activity. MCCase I and MCCase II 
preparations were assayed at different pHs as described in Materials 
and Methods. 
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Figure 4. Effect of K'" ions on MCCase activity. MCCase I and MCCase II 
preparations were assayed as described in Materials and Methods 
with the addition of different concentrations of KCl to the assay. 
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Molecular Weight of the Native MCCase 
To further investigate the structure of the two forms of MCCase, the 
apparent molecular weight of the native enzyme was determined by 
electrophoresis in polyacrylamide gels composed of 3-16% linear gradient of 
acrylamide (Fig. 5). The samples of MCCase I and MCCase II were subjected to 
exhaustive electrophoresis at 200 V for 48 h. The MCCase protein was then 
detected by Western analysis with i^si.gtreptavidin, and their mobilities were 
compared with proteins of known molecular weight. Both MCCase I and MCCase 
II peaks contained a single biotin protein, which migrated identically during the 
electrophoresis. The molecular weight of the native MCCase in MCCase I and 
MCCase II preparations was estimated at 970,000 ± 83,000. 
Soybean MCCase Genes 
We had previously isolated and sequenced a cDNA coding for the biotin 
subunit of the soybean MCCase (Song et al., submitted for publication). Soybean 
DNA digested with EcoRl, Hindïïl, and Xbal was subjected to Southern blot 
analysis and probed with the MCCase cDNA clone (Fig. 6). This analysis revealed 
that the cDNA clone hybridized to two to three restriction fragments in each 
digest, suggesting that the soybean genome contains at least two copies of the 
MCCase gene. Consistent with this conclusion, we have isolated from a genomic 
library of soybean, two distinct genes coding for the biotin-containing subunit of 
MCCase (Song et al., unpublished data). 
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Figure 5. Molecular weight of MCCase. A, MCCase I and MCCase II 
preparations were subjected to electrophoresis in gels composed of a 
linear gradient of 3-16% acrylamide. MCCase was detected by 
Western analysis with i^si.gtreptavidin. B, migration of the 
MCCase band is compared with the migration of molecular weight 
standards, thryoglobulin (660 kD), apoferritin (443 kD), B-amylase 
(220 kD), and alcohol dehydrogenase (150 kD). 
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Figure 6. Southern blot analysis of genomic DNA isolated from soybean 
leaves. Each lane contains 30 jig of genomic DNA digested with 
EcoRl, Hindïlï orXbal. Blots were hybridized with the 2.1 kb cDNA 
clone coding for the biotin subunit of MCCase. 
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DISCUSSION 
The results presented in this report demonstrate the presence of two forms 
of MCCase in extract from soybean leaves, which can be separated by anion 
exchange chromatography on Q-Sepharose. Apart from the charge difference 
between these two forms of MCCase, which enabled their separation, they are 
also distinguishable kinetically by their different afïïnities for the substrate ATP. 
The most distinctive difference between the two forms of the soybean MCCase is 
the seeming difference in the kcat of the two forms; MCCase I is more active per 
enzyme molecule than MCCase II. Apart from these kinetic characteristics that 
distinguish MCCase I from MCCase II, these two enzymes have many structural 
and enzymological features in common; the molecular weights of the native 
enzyme (970,000 ± 83,000) and of the biotin-containing subunit (85,000 ± 2,000) 
are indistinguishable for both forms. The pH optimum for activity, and K^s for 
the substrates Mc-CoA and bicarbonate are identical for both forms; and in 
addition, both MCCases are slightly and similarly activated by K+ ions. 
The molecular explanation of the differences between the two forms of 
MCCase will eventually need their separate purification and characterization. 
However, the finding that the soybean genome contains at least two copies of the 
gene coding for the biotin subunit of MCCase may be a potential explanation; each 
isoform may be the product of the different genes, in which case these two forms 
are isozymes of MCCase. In addition, MCCase is a heteromeric enzyme (Lau et 
al., 1980; Chen et al., 1993; Alban et al., 1993); thus, the molecular difference that 
generates the two separable forms of this enzyme may not be attributable to the 
biotin subunit, but may be due to differences in the nonbiotin-containing subunit of 
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the enzyme. It is also possible that the two forms of MCCase are attributable to 
post-translational modifications of the protein. 
The physiological significance of the two forms of MCCase could reflect the 
twin roles that this enzyme may have in metabolism. The carboxylation of Mc-
CoA to form 3-methylglutaconyl-CoA, catalyzed by MCCase, is a reaction 
required in the catabolism of leucine to acetoacetyl-CoA and acetyl-CoA (Rodwell, 
1969; Moss and Lane, 1971; Wood and Barden, 1977) and in the metabolism of 
mevalonate to nonisoprenoids via the mevalonate shunt (Edmond and Popjak, 
1974; Edmond et al., 1976; Gray, 1987; Bach et al., 1989; Kleinig, 1989). These 
two processes share two common reactions; one is the reaction catalyzed by 
MCCase and the second is the conversion of 3-methylglutaconyl-CoA to 
hydroxymethylglutaryl-CoA catalyzed by 3-methylglutaconyl-CoA hydratase. 
The presence of two forms of MCCase at the interconnected portion of these two 
processes offers the potential of differentially regulating the flux through these 
pathways. 
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ABSTRACT 
The expression of the 3-methylcrotonyl-CoA carboxylase biotin subunit 
was examined during the development of a variety of organs of soybeans. 3-
methylcrotonyl-CoA carboxylase activity was found in all organs examined. The 
development of seeds, the seed pods and leaves brought about subtle changes in 
the specific activity of 3-methylcrotonyl-CoA carboxylase. However, during the 
development of cotyledons, following seed imbibition and germination, 3-
methylcrotonyl-CoA carboxylase activity was induced nearly 10-fold over a period 
of 8 days and subsequently declined as the cotyledon started to senesce. In 
addition, comparison of 3-methylcrotonyl-CoA carboxylase activity among the six 
organs of 13 day old soybean plants indicate that 3-methylcrotonyl-CoA 
carboxylase is not evenly expressed among each of the organs; activity is highest 
in roots and hypocotyls, and is lowest in the primary leaves and shoot apex. 
Comparison of the accumulation of the biotin subunit of 3-methylcrotonyl-CoA 
carboxylase (as measured by immunological westerns) with the specific activity of 
the enzyme indicates that the developmental changes and organ-specific 
differences in 3-methylcrotonyl-CoA carboxylase activity is not only regulated by 
the steady state levels of the enzyme but by mechanism(s) that affect the 
catalytic competence of the enzyme. The relative state of biotinylation of the 
biotin subunit of 3-methylcrotonyl-CoA carboxylase, as revealed by western 
analysis with streptavidin, is unchanged during development. The mRNA coding 
for the biotin subunit of 3-methylcrotonyl-CoA carboxylase accumulates in an 
organ-specific and developmentally programmed manner, probably reflecting 
changes in the transcription of the 3-methylcrotonyl-CoA carboxylase gene. The 
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results are discussed with respect to the metabolic function of 3-methylcrotonyl-
CoA carboxylase in leucine catabolism and the mevalonate shunt. 
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INTRODUCTION 
3-Methylcrotonyl-CoA carboxylase (MCCase^, EC 6.4,1.4) catalyzes the 
biotin-dependent carboxylation 3-methylcrotonyl-CoA to form 3-
methylglutaconyl-CoA. In animals and bacteria, MCCase is involved in the 
catabolism of leucine or isovaleric acid to form acetoacetate and acetyl-CoA 
(Rodwell, 1969; Moss and Lane, 1971). In plants, MCCase has only recently been 
identified (Wurtele and Nikolau, 1990; 1992) and characterized (Alban et al., 1993; 
Chen et al., 1993; Song et al., submitted for publication). Indirect evidence 
indicates that MCCase may also be involved in leucine catabolism in plant 
mitochondria via a pathway similar to that occurring in animals and bacteria 
(Mazehs, 1980; Overton, 1985; Koops et al., 1990; Baldet et al, 1992). In addition, 
a second pathway for leucine catabolism, not requiring MCCase, may be operating 
in plant peroxisomes (Gerbling and Gerhardts, 1989). MCCase may also be 
involved in the "mevalonate shunt", a process by which mevalonate can be 
metabohzed to non-isoprenoid compounds (Edmond et al., 1976; Nés and Bach, 
1985; Bach et al., 1989). Obviously, more direct studies are required to establish 
the metabolic fimctions and the regulation of MCCase in plants. 
In our previous paper (Song et al., submitted for publication), we reported 
the molecular cloning of a cDNA coding for the biotin-containing subunit of 
MCCase of soybean, and the production of antiserum against this biotin-
containing polypeptide. Utilizing this cDNA and antiserum, we initiated studies of 
MCCase in developing soybean to understand the regulation of this enzyme in 
order to ascertain its physiological significance. 
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MATERIALS AND METHODS 
Reagents 
[i^Cj-NaHCOa, and [alpha -32p]-dCTP were purchased from Amersham 
Life Science. Other reagents were from Sigma Chemical Co., Fisher Scientific, 
and Bethesda Research Laboratories. The cDNA, SBC, coding for the biotin-
containing subunit of MCCase of soybean, and antiserum against the biotin-
containing subunit of MCCase of soybean were previously described (Song et al., 
submitted for publication). 
Plant Material 
Soybean seeds {Glycine max cv Corsoy 79) were germinated in a sterile 
mixture of 30% (v/v) black soil, 30% (v/v) peat moss, and 40% (v/v) perlite, in a 
greenhouse at 25°C under a cycle of 15 h hght and 9 h dark, with the Ught 
supplemented by artificial lighting. Plants were watered daily. Organs of plants 
at different stages of development were harvested and frozen in liquid N2. For 
long-term storage, plant materials for RNA isolation were stored at -70°C, and 
plant materials for protein isolation were stored in liquid N2. 
Isolation and Analysis of RNA 
RNA was isolated as described (Logemann et al., 1987). The concentration 
of total RNA was quantitated by absorbance at 260 nm. RNA samples were 
denatured with formaldehyde and formamide, and fractionated by electrophoresis 
in 1.0% agarose gels buffered with 0.02 M Mops, 8 mM sodium acetate, 1 mM 
EDTA, 2.2 M formaldehyde, pH 7.0 (Sambrook et al., 1989). Following 
electrophoresis, the gel was washed twice with DEPC-treated water, soaked in 20 
X SSC (1X SSC solution is 150 mM sodium chloride, and 15 mM sodium citrate. 
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pH 7.0) for 10 min, and RNA transferred by capillary action using 20 X SSC to a 
nitrocellulose membrane. The membrane was subsequently baked for 2 h at 80°C 
in a vacuum oven, prehybridized for 2 h at 68°C in a solution containing 6 X SSC, 
5 X Denhardt's [1X Denhardt's solution is 0.02% (w/v) Ficoll, 0.02% (w/v) polyvinyl 
pyrrolidone, 0.025% (w/v) BSA], 50 mM Tris-HCl, pH 8.0, 0.2% (w/v) SDS, 10 mM 
EDTA, and 100 fig/ml sheared salmon sperm DNA, and hybridized overnight at 
68°C in a similar solution containing 10% (w/v) dextran sulfate and ^^P-labeled 
cDNA clone of MCCase (Song et al., submitted for publication). The probe was 
radioactively labeled using the random primer labeling method (Feinberg, 1983). 
After hybridization, the membrane was washed twice with 0.2 X SSC, and 0.5% 
SDS for 10 min each at room temperature, followed by a third wash for 80 min at 
68°C. Autoradiography was performed utilizing Kodak intensifying screens. 
Preparation of Cell-Free Extracts 
All the procedures were performed at 4°C. Soybean organs were pulverized 
in a mortar with a pestle in the presence of liquid N2. The frozen ground tissue 
was homogenized with three to four volumes of a buffer containing 0.1 M Hepes-
KOH, pH 7.0,1 mM EDTA, 0.1% (v/v) Triton-X 100, 20% (v/v) glycerol, 20 mM 13-
mercaptoethanol, 100 |Xg/ml PMSF, and 10 |iM E-64. The extract was filtered 
through four-layers of cheesecloth, and the filtrate was centrifuged at 22,100g for 
15 min, and the supernatant was utilized for enzyme assays and protein 
determination. Protein concentration was determined by the method of Bradford 
(1972). 
Enzyme Assays 
MCCase activity was assayed by the incorporation of radioactivity from 
NaHi^COs into the acid-stable product (Wurtele and Nikolau, 1990). The reaction 
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mixture contained 0.1 M Tricine-KOH, pH 8.0, 5 mM MgCl2, 2.5 mM DTT, 5 mM 
KHCO3, 5 ^iCi NaHi4C03 (58 ^iCi/|imol), 1 mM ATP, and 0.2 mM 3-
methylcrotonyl-CoA. The assay was initiated by the addition of the protein 
extract and incubated in a final volume of 200 |il at 37°C for 10 min, and the 
reaction was terminated by the addition of 50 |xl 6 N HCl. An aliquot (100 |il) was 
applied to a strip of Whatman 3MM paper, and the acid-stable radioactivity 
determined by liquid scintillation counting. 
Electrophoresis and Western Blot Analysis 
SDS-PAGE was performed in 7.5% acrylamide gels as described previously 
(Laemmli., 1970). Following electrophoresis, proteins were electrophoretically 
transferred to a nitrocellulose membrane (Kyhse-Andersen, 1984), and the biotin-
containing proteins were specifically detected using i^si-iabeled streptavidin 
(Nikolau, 1985) or the biotin-containing polypeptide of MCCase was 
immunologically detected with specific antiserum diluted 1:200 (Song et al., 
submitted for publication), followed by i25i_Protein A. 
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RESULTS 
MCCase Activity during Soybean Development 
To identify the developmental stages at which MCCase might be important 
to the physiology of the plant, we surveyed a variety of soybean organs at several 
stages of development for MCCase activity (Table I). MCCase was ubiquitous 
throughout the soybean plant during development. In developing seeds, MCCase 
activity peaked early in development at about 30 DAF and subsequently declined 
to 1/3 of peak activity as the seed matured. MCCase activity was also detectable 
in dry seeds. We also examined MCCase activity in the seed pod coat during seed 
set. Activity was lower in the pod coat than in the developing seeds, but mirrored 
the developmentally induced changes that occurred in the seed. 
Examination of MCCase activity in reproductive leaves, during the period 
when seeds were developing, indicated that MCCase activity changed little until 
late in seed development when the leaves senesced and MCCase activity declined 
dramatically. 
MCCase activity was only subtly affected by development of leaves, seeds 
and seed pod. Therefore, these organs were not examined to greater detail in 
terms of expression of MCCase. In contrast, during development of cotyledons 
following seed imbibition and germination, more dramatic changes in MCCase 
activity were observed, and more detailed studies are described below. 
MCCase Specific Activity and Accumulation of its Biotin Subunit in 
Various Organs of Soybean Seedlings 
Thirteen-day-old soybean seedlings were chosen as a convenient source of a 
variety of organs to ascertain the organ-specific distribution of MCCase. MCCase 
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Table I. MCCase activity in developing soybean organs. 
Organ Developmental MCCase Activity 
Stage (nmol/min-mg protein) 
Developing Seeds 20DAF 7.0 ± 1.3 
30DAF 9.9 ±2.4 
40DAF 5.6 ± 1.2 
50DAF 3.3 ±0.6 
Dry Seeds 4.3 ±0.7 
Young Leaf^ 3.4 ± 0.4 
Mature Leaf^ 2.7 ± 0.5 
Reproductive Leap lODAF 1.2 ±0.1 
20DAF 1.3 ±0.3 
30DAF 1.2 ± 0.4 
40DAF 1.3 ±0.8 
50DAF 0.02 ±0.02 
Seed Pod Coat lODAF 2.5 ± 0.4 
20DAF 5.0 ±1.1 
30DAF 6.0 ±1.1 
40DAF 3.3 ± 1.3 
50DAF 2.3 ± 0.5 
60DAF 0.8 ±0.2 
^ Young leaf is the first true leaf at 14 DAP. 
^ Mature leaf is the first true leaf at 30 DAP, prior to any flowering. 
^ Reproductive leaf is the leaf next to a seed pod and is staged relative to flowering. 
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activity is detectable among all the six organs (Fig. lA) examined, but is not 
evenly distributed among the organs (Fig. IB). At this stage of seedling 
development, the specific activity of MCCase is highest in roots and hypocotyls, 
followed by stems, cotyledons, and lowest in the primary leaf and shoot apex. 
There is approximately a 7-fold difference in the extremes of the specific activities 
of MCCase among these organs. 
To determine whether the differences in the levels of MCCase activity in 
various organs are due to the differences in the accumulation of the MCCase 
protein, aliquots of protein extracts from different organs containing equal 
MCCase activity were subjected to SDS-PAGE, followed by western analysis with 
antiserum against the biotin-containing subunit of MCCase (Fig. IC). In addition, 
identical blots incubated with i^sj.gtreptavidin to ascertain the relative 
accumulation of the biotin prosthetic group on the MCCase subunit (Fig. ID). If 
the difference in activity among the organs was due to differences in the 
accumulation of the enzyme, we expect to observe equal intensity for the 85 kD 
MCCase subunit as detected by the antiserum. This was not the case; therefore, 
there appears to be an organ-specific mechanism that alters the activity of the 
enzyme molecule per se. In 13-day-old soybean seedlings the MCCase enzyme in 
the cotyledons, roots, and hypocotyls appears to be a better catalyst than the 
enzyme in the stem, leaf, and shoot. The western analysis with i^sj.gtreptavidin 
indicated that the relative state of biotinylation of the MCCase subunit was 
unchanged among the organ examined, since the intensity differences in the bands 
detected by the antiserum mirrored the differences revealed by streptavidin. 
Figure 1. MCCase activity and the accumulation of the biotin subunit of 
MCCase in various organs of soybean seedlings. A, Organs of 
soybean. B, MCCase activity in various organs. C. Aliquots of 
extracts containing equal amounts of MCCase activity were 
subjected to SDS-PAGE, followed by immunological detection with 
antibodies to the biotin-containing subunit of MCCase. 
MCCase Activity 
(nmol/min-mg protein) 
> 
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Organ-Specific Accumulation of MCCase mRNA 
The accumulation of the MCCase mRNA was determined in the different 
organs isolated from thirteen-day-old soybean seedlings. Equal amounts of RNA 
extracted from each organ were subjected to Northern analysis utilizing the 
radioactively labeled cDNA coding for the biotin-containing subunit of MCCase of 
soybean as probe (Fig. 2). RNA from all the organs contained a single hybridizing 
species of 2.4 kb. However, the steady-state level of the MCCase mRNA was 
different among the organs. Accumulation was highest in the cotyledon, followed 
by, in decreasing level of accumulation, the hypocotyl, shoot apex, root, and stem. 
Very little mRNA coding for the biotin-containing subunit of MCCase was 
detected in the leaf. The different steady-state levels of the MCCase mRNA in 
these organs indicate that MCCase gene expression is differentially regulated 
among these organs, and this regulation is probably, in part, occurring at the 
transcriptional level. 
MCCase Specific Activity and Accumulation of its Biotin Subunit in 
Developing Cotyledons 
The most likely metabolic function of MCCase is in the catabolism of 
leucine. During seed imbibition and germination, large quantities of seed storage 
proteins are degraded, and the amino acids derived from them are reutilized 
(Harris et al., 1986; Rosenberg and Rinne, 1987). To ascertain the potential role 
of MCCase at this stage of development, we determined MCCase activity and the 
steady state level of the MCCase biotin subunit in cotyledons during early seedling 
development. Extracts were prepared from cotyledons, isolated at 2 day intervals, 
from 2 to 18 days after imbibition, and MCCase activity was determined (Fig. 3). 
MCCase activity was lowest in 2 day old cotyledons. In the subsequent 8 days 
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Figure 2. Northern analysis of the steady state levels of the MCCase mRNA in 
various organs of soybean seedlings. Equal amounts (20 |ig) of RNA 
isolated from various organs were subjected to electrophoresis in 
formaldehyde-containing agarose gels and stained with ethidium bromide 
(A). Following transfer to a nitrocellulose filter the MCCase mRNA was 
detected by hybridization with radioactively labeled cDNA coding for 
MCCase (B). 
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Figure 3. MCCase specific activity and accumulation of the biotin subunit of 
MCCase in developing cotyledons. A, MCCase activity in developing 
cotyledons of soybean. Aliquots of extracts with equal amounts of 
MCCase activity were subjected to SDS-PAGE, followed by western 
analyses with i^sj-gtreptavidin (B), or immunological detection with 
antibodies to the soybean MCCase (C). 
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MCCase activity increased by nearly 10-fold to reach a maximum in 10 day old 
cotyledons. Between day 10 and day 18 after planting, MCCase activity declined 
(Fig. 3A). 
To test whether the changes in the specific activity of MCCase at different 
time points in cotyledon development are caused by changes in the accumulation 
of the MCCase protein level, protein extracts from cotyledons 2 to 18 days after 
imbibition were subjected to SDS-PAGE, followed by western analysis with 
antiserum against the biotin-containing subunit of MCCase (Fig. 3B), or with 
streptavidin to detect the biotin prosthetic group of this polypeptide (Fig. 3C). In 
these analyses, the gels were loaded with aliquots containing equal amounts of 
MCCase activity. If the changes in activity during cotyledon development are due 
to changes in the steady state levels of the MCCase protein, we would expect to 
observe equal intensity protein bands. In both western analyses, this was not the 
case. Both the immunological detection of the MCCase biotin subunit and the 
detection of the biotin prosthetic group with i^si.gtreptavidin, showed a 
modulation in intensity, with intensity increasing at the early stages of 
development, reaching a peak between 6 and 8 days after planting, and 
subsequently declining. These results indicate that the catalytic proficiency of 
MCCase changed during this developmental process. The enzyme is least 
effective as a catalyst between 6 and 8 days after planting, when the highest level 
of MCCase accumulation is occurring. Secondly, there was a close correlation 
between the accumulation of the biotin subunit as detected by the antiserum and 
the biotin prosthetic group on this subunit as detected by streptavidin. Therefore, 
the state of biotinylation of the MCCase biotin subunit is unaltered during 
cotyledon development. 
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MCCase mRNA Accumulation in Developing Cotyledon 
The steady state levels of the mRNA coding for the biotin-containing 
subunit of MCCase were determined in cotyledons 4 to 18 days after seed 
imbibition. RNA was isolated from cotyledons at 2-day intervals and subjected to 
Northern analysis with radioactively labeled cDNA coding for the biotin-containing 
subunit of MCCase (Fig. 4). The 2.4 kb MCCase mRNA band is present in all 
samples examined. Accumulation of the MCCase mRNA changes slightly from 
day 4 to day 8, then increases dramatically between day 8 and day 10, by at least 
10-fold, and subsequently decreases to about 1/5 of the level present at peak 
accumulation. As a comparison we also determined the steady state levels of the 
actin mRNA during the same developmental process (Fig. 4B). Obviously 
MCCase shows quite a different pattern of the accumulation. Actin mRNA 
accumulation increases smoothly between 4 and 8 DAP to reach a maximum at 
10 DAP and subsequently declines to low levels. 
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Figure 4. Northern analysis of the steady state levels of the MCCase mRNA in 
developing cotyledons of soybean. Equal amounts (20 |ig) of RNA 
isolated from developing cotyledons were subjected to electrophoresis in 
formaldehyde-containing agarose gels, and following transfer to a 
nitrocellulose filter the MCCase (A) or actin (B) mRNA were detected by 
hybridization with the respective radioactively labeled cDNA clone. 
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DISCUSSION 
The discovery of MCCase (Wurtele and Nikolau, 1990) and the 
identification of its biotin subunit (Alban et al., 1993; Chen et al., 1993) has 
provided a partial explanation for the multiphcity of biotin-containing polypeptides 
found in extracts of plants (Wurtele and Nikolau, 1990). However, the 
physiological function of this enzyme in plant metabolism and how that function is 
regulated require additional studies. Extrapolation from animals and bacteria 
would suggest that MCCase may have two metabolic functions, one in leucine 
catabolism (Rodwell, 1969; Moss and Lane, 1971) and another in the "mevalonate 
shunt" (Fig. 5) (Edmond et al., 1976; Nés and Bach, 1985; Bach et al., 1989). 
Indeed, limited evidence has been gathered that indicates the functioning of these 
two metabolic processes in plants (Mazelis, 1980; Overton, 1985; Koops et al., 
1990; Baldet et al, 1992). However, the significance and regulation of these 
processes are unknown. 
The results presented in this report demonstrate that MCCase is present in 
all parts of the soybean plant. MCCase activity was highest in non-
photosynthetic organs such as the root, and in cotyledons at the time of massive 
seed storage protein degradation. These results are consistent with MCCase 
functioning in the degradation of leucine in plants. At the early stages of seedling 
development, when the seedlings are not net C02-assimilators, seed storage 
compounds, including proteins, are degraded into small molecules which can be 
metabolized for the synthesis of new macromolecules, and for the generation of 
the energy required for the synthesis of these new compounds. Therefore, the 
induction of MCCase activity in cotyledons at the early stages of seedling 
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development might well reflect an increase in the catabolism of leucine for these 
purposes. In addition, the high activity of MCCase found in non-photosynthetic 
organs, such as root, maybe an indication of the necessity in this tissue to respire 
carbon derived from leucine, and presumably other compounds, from which ATP 
can be generated for cellular maintenance. 
Interestingly, the accumulation of the biotin subunit of MCCase did not 
correlate with the amount of measurable MCCase activity detected in the 
extracts. This finding indicates that mechanism(s) exist that are able to affect 
MCCase activity per molecule of enzyme. There are many potential mechanisms 
by which this can be achieved, the best characterized of which is probably some 
type of post-translational modification that alters the catalytic competence of the 
enzyme. 
However, we have previously characterized two forms of MCCase in 
soybean extracts that are separable on the basis of their charges (Song et al., 
submitted for publication). These charge isomers of MCCase appear to have 
different kcats, thus MCCase I which elutes first from a Q-Sepharose column is 
more active per molecule than MCCase II. Although we have not yet 
characterized the molecular difference between MCCase I and MCCase II, the 
uncoordination between changes in MCCase activity and accumulation of the 
biotin subunit of MCCase may reflect differential accumulation of these isoforms. 
Thus in extracts in which MCCase appears to be a poor catalyst, MCCase II may 
be the prevalent isoform, whereas in extracts in which MCCase is a better 
catalyst, MCCase I may be the prevalent isoform. 
In measuring the accumulation of the MCCase biotin subunit, we were able 
to monitor the changes and differences in the polypeptide per se using a specific 
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antiserum and to monitor the biotin prosthetic group on the subunit using 
streptavidin. In all instances, changes and differences in the accumulation of the 
subunit polypeptide correlated directly with changes and differences in the biotin 
prosthetic group. Therefore, we were unable to detect any potential changes in 
the state of biotinylation of the enzyme as a means of regulating MCCase 
activity. 
The organ-specific expression of the gene coding for the MCCase biotin 
subunit appears to be regulated in part by differences in mRNA accumulation. In 
addition, during soybean development MCCase mRNA accumulation appears to 
be under the control of a developmental program. The differences and changes in 
the accumulation of the MCCase mRNA probably reflect changes in the 
transcription of the gene(s) coding for this enzyme subunit. However, additional 
work is required to confirm this hypothesis. 
Finally, the study of the regulation of the MCCase gene expression offers a 
unique opportunity to study a metabolic process that is poorly understood in 
plants. The significance of the catabolism of amino acids, such as leucine, is 
unclear in plants. This is probably a reflection of research emphasis on anabolic 
processes, since plants are considered net anabolic organisms. And yet, that 
leucine can be catabolized by plant has long been known. For example, l^C-
labeled leucine provided to germinating castor beans was recovered in sugars, 
CO2, and organic acids (Stewart, 1967), which indicates plants are able to 
catabolize leucine and reutilize the carbon backbone to synthesize carbohydrates 
as well as organic acids. In cotyledons of pea, the majority of externally provided 
leucine is oxidized to CO2 or incorporated into the organic constituents (Beevers 
and Splittstoesser, 1968). In addition, plants are capable of incorporating 
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labeled leucine into isoprenoids and long-chain fatty alcohols (Nes et al., 1985; 
Koops et al., 1991; Bach et al., 1989; Groeneveld et al., 1988). Thus, to fully 
comprehend how net accumulation of compounds is achieved, it is important to 
understand how a balance between anabolic and catabolic processes is 
maintained. 
In addition, the process of leucine catabolism maybe interconnected with 
the mevalonate shunt (Edmond et al., 1976; Nes and Bach, 1985; Bach et al., 
1989). Such an interconnection would enable carbon from leucine and mevalonate 
to be metabolized to many different classes of compounds (Fig. 5). Such a 
complex process would need to be carefully regulated, and the availability of 
isoenzymes to catalyze reaction in common to both pathways (i.e., MCCase) 
would enable for differential regulation of these processes. 
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GENERAL SUMMARY 
In these studies, one of the biotin-containing polypeptides of soybean has 
been investigated. The research has focused on five aspects: (1) The molecular 
cloning and characterization of the gene coding for the biotin-containing subunit 
of MCCase from soybean. (2) The structure of soybean MCCase. (3) Initial 
velocity kinetic studies of soybean MCCase with competitive inhibitors. (4) The 
discovery and characterization of the putative isozymes of MCCase in soybean 
leaves. (5) A study of the effect of plant development on MCCase during 
soybean seed germination. 
By using a tomato cDNA coding for a putative biotin binding protein, the 
gene coding for the 85 kDa biotin-containing polypeptide has been cloned and 
sequenced. Antiserum against this polypeptide has been generated. This 85 
kDa polypeptide has been identified as the biotin-containing subunit of MCCase. 
This is the first plant biotin-containing enzyme and the first 3-methylcrotonyl-
CoA carboxylase for which the primary sequence has been determined. 
The deduced amino acid sequence of the biotin-containing subunit of 
MCCase shows high homology with other known biotin-containing enzymes. 
Amino acid sequence homology between the soybean MCCase and other biotin 
enzymes identified the biotin carboxylase and the biotin carboxyl carrier 
domains. In addition, the first 21 amino acid residues have the characteristics of 
a mitochondrial targeting signal peptide. The amino acid sequence reveals a 
cleavage site for a typical signal peptide of mitochondrial proteins. This cleavage 
site of the signal peptide of soybean biotin-containing subunit of MCCase has 
been confirmed by the sequencing of N-terminus of the mature polypeptide. 
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Soybean MCCase has been purified to near homogeneity by a five step 
purification procedure. The purified MCCase is composed of equal proportion of 
a 85 kDa biotin-containing subunit and a 59 kDa biotin-free subunit, with a 
native molecular weight of approximately 970,000 ± 83,000. Therefore, soybean 
MCCase resembles animal MCCase with the quaternary structure of «ôPô-
The catalytic mechanism of soybean MCCase has been studied for the first 
time. Initial velocity studies with competitive inhibitors suggest that soybean 
MCCase follows a random Bi Bi Uni Uni Ping Pong mechanism in which ATP 
and bicarbonate bind to the enzyme randomly. 
Putative isozymes of the soybean MCCase have been discovered for the 
first time in leaves. These two isozymes have been characterized. One form is 
more active than the other. Form I has a lower Km for ATP compared to Form 
II. The KjuS for HCO3" and 3-methylcrotonyl-CoA are similar for both isoforms. 
Both forms have the same native molecular weight, as well as the same 
molecular weight for the biotin-containing subunit. These two isozymes might 
be products of two different genes and/or the difference might be caused by some 
other mechanism. The molecular difference of the two isozymes and their 
significance still need further investigation. 
Utilizing the cDNA coding for the biotin-containing subunit of MCCase 
and antiserum against the biotin-containing subunit of MCCase, the 
accumulation of the mRNA and protein levels of MCCase have been examined 
during the process of seed germination in soybean. The results showed that 
MCCase activity is highest in non-photosynthetic organs, such as roots and 
hypocotyl, lowest in photosynthetic organs. In addition, the accumulation of 
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MCCase correlates well with the maximum rate of seed storage protein 
degradation during seed germination. 
These studies will help us to understand the structure, metabolic function 
and regulation of plant MCCase. Further investigation using the cDNA, 
antiserum and methods developed in this studies will be needed to fully 
comprehend the function and structure of the plant MCCase. 
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APPENDIX 
Figure Al. Southern analysis. Genomic DNA was isolated from soybean 
leaves, digested with restriction enzymes respectively, fractionated 
on agarose gel, transferred to a nylon membrane, and hybridized 
with radioactively labeled tomato cDNA coding for the putative 
biotin binding protein. 
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Figure A2. Southern analysis. DNA was isolated from lambda 051, digested 
with restriction enzymes respectively, fractionated on agarose gel, 
transferred to a nylon membrane, and hybridized with radioactively 
labeled tomato cDNA pBX3 coding for the putative biotin binding 
protein or "biotin oligo". 
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Figure A3. Southern analysis. DNA was isolated from lambda C051 and 
Lambda C121, digested with restriction enzymes respectively, 
fractionated on agarose gel, transferred to a nylon membrane, and 
hybridized with radioactively labeled soybean cDNA coding for the 
biotin-containing subunit of MCCase. 
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